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Abstract.

The relation between the macroscopic input power required at ASDEX Upgrade

to access the H-mode Pthr and the microscopic E×B shear has been investigated via

fast charge-exchange recombination spectroscopy (CXRS) measurements at various

toroidal magnetic fields, different electron densities, and in both hydrogen and

deuterium plasmas. For the H-mode onset, a threshold in the vE×B minimum, an

approximation of the E×B shear, has been found. This identifies vE×B and not

Er as the important player for the L-H transition. A database of measurements

including CXRS, Doppler reflectometry measurements and comparison to neoclassical

approximations shows a threshold vE×B of (6.7 ± 1.0) km/s ranging over a factor of

three in Pthr. Using these findings, a simple derivation of the Pthr scaling is proposed

giving a physics interpretation of the Bt, density and surface dependence of Pthr.

Submitted to: Nucl. Fusion

1. Introduction

It is widely accepted that the E×B velocity shear, caused by the local radial electric field

Er, is responsible for the suppression of turbulence and therefore for the establishment

of the edge transport barrier (ETB) which is the characteristic feature of the H-mode [1].

The formation of the ETB coincides with the transition from the low (L-) to the high

‡ See author list of H. Meyer et al. 2019 Nucl. Fusion 59 112014
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confinement mode (H-mode) and is triggered when the heating power exceeds a certain

threshold Pthr, which has the following inter-machine scaling [2]:

Pthr,scal08 = 0.049n0.72
e B0.80

t S0.94. (1)

The scaling gives the required power in MW for a given line averaged density ne in

1020 m−3, magnetic field Bt in T and the plasma surface S in m2. Note that Pthr,scal08

does not scale linearly with ne [3, and references therein] and only the monotonic part

at high densities (high density branch) is considered in the regression (1). Below a

certain electron density ne,min, the L-H power threshold is observed to increase with

decreasing density (low density branch). A possible explanation for this behaviour is

reduced collisional energy transfer from electrons to ions at low densities [4, 5]. Power

balance analysis of ASDEX Upgrade (AUG) and Alcator C-mod discharges showed a

linear dependence of the edge ion heat flux at the L-H transition QLH
i,edge on density [4,

6, 7]. In particular, in the low density branch, electrons are usually heated directly

while ions are weakly coupled to the electrons, resulting in an increase of Pthr. The

edge ion heat flux defines the local ion temperature and pressure gradient and, in turn,

the equilibrium radial electric field Er,neo which is approximately opposite to the main

ion diamagnetic flow velocity vidia = ∇pi/(ZiniB) where ni, pi and Zi are the main ion

density, pressure and charge, respectively [8]. In line with this, at ASDEX Upgrade,

a constant minimum Er value, which can be used as an approximation of ∇Er, has

been found at the L-H transition independent of the electron density, suggesting that

a certain value of Er,neo, and the related flow shear, is required to access H-mode [9].

Note that the neoclassical component of the radial electric field has been found to be the

dominant contribution to Er in H-mode [10, 11], while close to the L-H transition it is

still disputed since other contributions, e.g. zonal flows or ion orbit losses, are reported

to be important [12, 13, 14, 15, 16]. Still, the equilibrium (neoclassical) vE×B is in most

of the L-H transition theories responsible for locking into the H-mode [12].

In this work, the correlation between the Er profile just before the confinement

transition and Pthr is investigated in order to experimentally relate the global effects of

input power and e-i heat exchange to the local E×B velocity shearing of turbulence.

In particular, the minimum of the Er well, used as proxy of ∇Er [17], just before the

L-H transition is measured extending the database in [9, 18] to different L-H power

threshold values obtained via a variation of magnetic field, density and isotope mass

(deuterium and hydrogen) (Section 3). To this purpose, a detailed characterization

of the L-H transition dynamics is reported in Section 2 to consistently define the L-H

transition time points. Finally, based on these results, a possible physics interpretation

of the power threshold scaling (1) is given (Section 4). Summary and conclusions can

be found in Section 5.

2. Experimental setup

In order to make a link between the E×B velocity shear and the H-mode onset, it is

necessary to define a time point where the plasma changes its confinement state thus
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Figure 1: Evolution of a typical L-H transition at AUG considered in this work. (a):

NBI power (blue), integrated edge electron density (black) and divertor shunt current

(red), (b): Poloidal magnetic field fluctuation measured close to the secondary X-point.

enabling a comparison of different discharges. A dedicated series of eight discharges

has been performed in which several L-H transitions (24 in total) have been induced by

slowly ramping the input power up via neutral beam injection (NBI). NBI allows for

charge exchange recombination spectroscopy measurements. In particular, the fast edge

CXRS [19] in combination with helium seeding has been employed to have good statistics

also within short NBI blips. The plasma current has been kept constant at 0.8 MA due

to the dependence of Pthr on Ip at low densities [20] inducing a variation of q95 between

3.6 and 6.3. Feed-forward deuterium gas puff of 1021 particles/s with constant divertor

pumping has been employed resulting in slightly different ne. Figure 1 shows the time

evolution of a typical L-H transition analysed in this work. The time traces of input

power PNBI (blue), line averaged edge electron density n̄e,edge and the divertor current

Idiv (red) are reported in figure 1(a) while the poloidal magnetic field fluctuation Ḃθ

measured by a Mirnov-coil located close to the secondary X-point is shown in figure

1(b). The latter signal is used to characterize the evolution from L-mode (highlighted

in blue in figure 1) to a fully developed H-mode during which, at AUG, the plasma goes

through an I-phase [21, 22] (green in figure 1) often preceded by a L-I-L dithering phase

(red in figure 1).

The L-I-L dithers can be confused with divertor oscillations, i.e. the oscillations

between detached and not-detached divertor states [24]. As discussed in [25], both

oscillatory phenomena take place in medium to high density L-modes close to the L-

H transition and show similar behaviour in the divertor shunt currents (figures 2(a)

and (b)), in the edge density (figures 2(c) and (d)) and in the inner (red) and outer
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Figure 2: Comparison between L-I-L dithers (left-hand side) and divertor oscillations

(right-hand side). (a)-(b) divertor shunt current, (c)-(d) edge electron density, (e)-(f)

inner (blue) and outer (red) target temperatures, (g)-(h) poloidal magnetic fluctuations.

The divertor oscillations are taken from a discharge published in [23].

(blue) target temperatures (figures 2(e) and (f)). However, the L-I-L dithers exhibit the

typical bursts in Ḃθ during the I-phase part (figure 2(g), highlighted in gray) which are

not present in the divertor oscillations (figure 2(h)). Furthermore the frequency of the

L-I-L dithers is usually higher compared to the frequency of the divertor oscillations.

The onset of the I-phase is associated with a clear confinement improvement seen

in the edge density and in the appearance of type-I ELMs (figure 1, t ≈ 3.52, 3.54 s).

Moreover, as reported in [16], a rapid change in the edge gradients and in Er is observed

once entering the I-phase. Hence, to analyze the background condition for the H-mode

confinement change, the E×B shear needs to be analyzed before the L-I transition.

Following the same logic, within the L-I-L dithers, only time points during the short

L-mode phases are considered. These time points in the evolution from L- to H-mode

will be simply referred to as L-H transitions in the following. In order to resolve these

short time windows and, at the same time, obtain a good signal to noise level, a time

resolution of 100 µs to 200 µs has been employed. Figure 3 compares the evolution of

the maximum of the vE×B velocity with a time resolution of 100 µs (fig. 3(a)), the input

power (fig. 3(b), red) and Ḃθ (fig. 3(b), black) across an L-I transition without any

L-I-L dither. Note that at AUG, CXRS measurements are only possible if the NBI is
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Figure 3: L-I transition triggered by an NBI blip. (a): max vE×B, (b) NBI input power

(red) and Ḃθ.

switched on. As in many of the investigated discharges, the L-I transition is triggered

during or right after an NBI beam blip, which is typically 12 ms to 20 ms long. In

the corresponding L-mode phase, the maximum of the vE×B velocity is rather constant

and hence, to improve the signal to noise ratio, the last ten L-mode spectra has been

averaged. The resulting time resolution is in between 1 ms and 2 ms which is enough to

study the background condition for the L-H transition, consistently with the aim of this

work. Due to the low integration time, the same approach could be used also for the

evaluation of L-I-L in which, moreover, many L-I transitions could be averaged together.

3. Er minimum at the L-H transition

In this section, the Er minimum, a proxy of the Er shear [17], is shown at the L-H

transition in discharges with different values of ne, Bt, and the plasma isotope. Other

Pthr dependencies, not included in the scaling (1), have been kept constant to decouple

them from the plasma parameters of interest. All other plasma parameters have been

kept constant including the one important for divertor conditions e.g. plasma shape,

strike point position. Therefore, it is expected that the radial electric field in the Scrape

Off Layer (SOL) stays constant since it is roughly equal to Er,SOL ≈ 3e∇Te,target [26]. In

this way, the minimum of Er can be taken as a proxy of both the outer and the inner

shear layers which can both trigger the L-H transition [27]. Furthermore, the choice of

taking the Er minimum instead of the inner or outer gradient themselves is also due

to the limited amount of radial lines-of-sight which can be acquired with the fast CX

system, i.e. five poloidal and four toroidal positions, making the estimation of both

gradients at the same time highly uncertain.
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Figure 4: (a) L-H power threshold as a function of the toroidal magnetic field, (b) Er
minimum as a function of the local magnetic field at the measurement point. Discharges

in hydrogen are shown in red and deuterium in blue. The dashed line in (a) indicates

the power threshold scaling from [2] rescaled by 0.75 following the metal wall effect [20].

3.1. Toroidal magnetic field scan

The almost linear dependence of the L-H transition power threshold on the toroidal

magnetic field Bt (see equation (1)) is not very well understood as of yet. However, the

dependence of the power threshold on Bt is very robust as it is observed in every device

independently of plasma conditions [2]. In figure 4, the power threshold (4(a)) and the

Er minimum at the L-H transition (4(b)) are shown as a function of Bt. Red points

indicate discharges in hydrogen while the blue ones in deuterium. As expected, the

power threshold increases with Bt and it is roughly a factor of 1.8 higher in hydrogen

plasmas (figure 4(a)). The dashed black line shows the predicted value of the threshold

power from the scaling (1) rescaled by 0.75 following the metal wall effect [20]. Pthr is

calculated consistently to [20], i.e. accounting for the time derivative of the stored energy

without subtracting the radiative core losses. Figure 4(b) shows that the absolute value

of the Er minimum just before the L-H transition scales roughly linearly with B. In other

words, a constant vE×B =Er/B shear is found at the L-H transition as reported in [28,

25] where, however, only the neoclassical approximation of Er is shown. In particular,

given the effect of the divertor configuration on the SOL Er [27], the results shown

here are consistent with a different Er minimum for different divertor configurations.

Moreover, despite a factor of two in Pthr, the hydrogen data align well with the deuterium

measurements. Note that the vE×B minimum is a proxy of the E×B shear only if the

width of the Er well is constant. This has been shown in [17] for different parameters as
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Figure 5: Edge Er profiles at different magnetic fields before three single L-H transitions.

the confinement regime or the plasma density but for a constant Bt. However, as shown

in [29], the width of the pedestal pressure in real space is roughly constant and hence

the approximation min vE×B ∼ γE×B might also hold for different magnetic fields.

Figure 5 shows three edge Er profiles obtained at different magnetic field. The radial

electric field is evaluated at the position of the He2+ poloidal velocity measurements

which, multiplied by the toroidal magnetic field, makes the larget contributions in the

radial force balance for He2+: Er = ∇(TinHe2+)/(2nHe2+) − vpol,He2+Btor + vtor,He2+Bpol.

The Er evaluations in this work include all the previous terms. Note that the range

between ρpol = 0.97 and ρpol = 1.00 corresponds to about 2.0 cm in real space at AUG

and that different radial separation of the measurement points is due to the choice of

channels for the fast CX spectrometer. During every discharge, the plasma has been

anyway radially scanned in between L-H transition to properly resolve the minimum.

These findings may indicate that a critical vE×B shear is required to access the

H-mode. In a simplified picture, the E×B shear (γE×B) needs to overcome an effective

turbulence growth rate (γturb) to induce turbulence reduction and γturb itself might

depend on Bt or the isotope mass. This is for example the case in the gyro-Bohm

limit. On the other hand, in a simple linear ion temperature gradient turbulence model,

neglecting Laundau damping and finite Larmor radius effects, γturb ≈ kθρi · vth/R ·√
LTi/R where kθ is the poloidal wave number, ρi the ion Larmor radius, vth the

thermal velocity, and R/LTi the normalized ion temperature gradient [30, 31]. This

expression depends on Bt via ρi. However, due to finite Larmor radius effects, γturb is

zero at kθρi = 1 and has a maximum around 0.3-0.5 in linear calculations. On the same

line, in non-linear calculations, γturb has always his maximum around (kθρi) ≈ 0.15-

0.2, making γturb independent of Bt [32, 33]. Note that both works consider not only

ITG but more generally L-mode pedestals and show self-similar spectra. In this way,

the turbulence stabilization criteria γE×B > γturb is consistently independent on the

magnetic field on either sides. However, following this logic, a residual dependence on

the mass M as 1/
√
M remains due to the vth-term. Experimental characterization of the

turbulence characteristics before the L-H transition for different plasma parameters are

unfortunately very scarce. At AUG, a comparison of the turbulence radial correlation
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Figure 6: L-H power threshold normalized to 2.35 T (a) and maximum of vE×B as a

function of the pedestal top density in hydrogen (red) and deuterium (blue) plasmas.

The gray band in (a) indicates the measured Pthr for AUG as reported in [20].

length in L-mode is shown in [34] in which comparable values in hydrogen and deuterium

L-modes are found at the plasma edge. This suggests that the edge turbulence is similar

and hence an analogous γE×B might be required to obtain suppression.

3.2. Electron density scan

This section presents an extension of the findings published in [9]. The dependence of

the L-H power threshold on the electron density is not monotonic. In case of ASDEX

Upgrade, Pthr has a minimum at an electron density of roughly ne = 4× 1019 m−3.

Although it has been found in many tokamaks [28, 35, 36], this feature is not included

in the power threshold scaling. In figure 6(b) the minimum of the E×B velocity at

the L-H transition is shown as a function of the pedestal top electron density ne,top for

the discharges presented in the previous section. The corresponding calculated power

threshold normalized to Bt = 2.35 T is shown in figure 6(a) in comparison with the

estimation from [20] which is depicted by the grey band. Here, the discharges performed

in deuterium plasmas are indicated in blue while the ones in hydrogen are marked in

red. The minimum of the E×B velocity at the L-H transition is found to be constant

independent of the electron density, similar to the observations in [9] in which the

neoclassical approximation has been used.
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the net input power (b). The figures compare data from CX, DR and from [9] and [18]
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3.3. Comparison to previous publications

The findings presented in this section link the E×B velocity to the net input power close

to the L-H transition exploring the main dependencies of the L-H power threshold, i.e.

Bt and ne. A threshold in vE×B for the L-H transition is found consistently with previous

studies at AUG [9, 18]. Figure 7(a) presents a comparison between the measurements of

the minimum of vE×B discussed in the previous section and the neoclassical estimation

published in [9, 18] as a function of the pedestal top electron density. Within the

error bars a constant E×B velocity is found over a large range of electron densities,

for different Bt values and with carbon and tungsten wall [18]. At the L-H transition

the E×B velocity is on average vLH = (6.7 ± 1.0) km/s. Measurements from CXRS

and Doppler reflectometry are compared with the predictions from neoclassical theory

showing good agreement within the error bars [9, 18]. This suggests that the background

condition of the E×B velocity just before the L-H transition is dominated by the

neoclassical E×B velocity. This however does not exclude a contribution from zonal

flows to the total vE×B on fast timescales and/or that a ZF is a trigger of the L-H

transition. The same data of vE×B are shown in figure 7(b) as a function of the net

input power at the L-H transition. The figure highlights that within roughly a factor of
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three of Pthr, a certain minimum of vE×B is required to access H-mode.

4. Consideration on Pthr (only high density branch)

Based on the experimental evidence presented in the previous section and together with

previous publications, the scaling of the L-H transition power threshold (1) can be

derived based on a few assumptions which are highlighted below:

• the largest contribution to Er comes from the ambipolar neoclassical radial electric

field, i.e. Er ≈ ∇(Tini)/(eZini)

• the vE×B minimum at the L-H transition is about constant, min vE×B,LH ≈ 6.7 km/s

while the assumptions are:

(i) Ti = Te such that:

Pthr = nχedge∇TiS (2)

where χedge is the heat diffusivity at the edge.

(ii) eEr ≈ ∇Ti +Ti∇ne/ne ≈ 2∇Ti. This is in general not valid but both contributions

∇Ti and Ti∇ne/ne are usually of the same order of magnitude.

(iii) χedge = 1 m2/s.

In this way we can re-write (2) as:

Pthr = nχedge
1

2
min vE×B,LHBS (3)

≈ 0.05 · nBS (4)

with Pthr in MW and n, B and S in the same units as in (1). The result well describes

both the trends and the pre-factor of the scaling (1) giving a zero order understanding of

it: to access H-mode a critical ion heat flux per particle, i.e. P/(nS), needs to be reached

to drive enough Er,neo. The critical P/(nS) scales with B since the actual turbulence

shearing is done by the E×B velocity. Note that the value of χedge (assumption (iii))

is ad-hoc to get the right pre-factor in (4) but definitely in the right ballpark while

assumption (ii) masks the importance of the ne profile as reported for instance in [18].

In particular changes in the ne (ni) profiles are possibly linked with pumping, plasma

shape in the divertor region, divertor geometry itself or changes in the SOL and, in turn,

can strongly influence the diamagnetic contribution to vE×B. Formula (3) proposed in

this work is in many aspects similar to the one proposed by Wagner [37] and reported by

Connor and Wilson [38] (equation (1.2)) in which, however, an ad-hoc fitting parameter

is introduced. Due to the measurements presented in section 2, this is not required

anymore. The same approach was also used by Rozhansky at al. [39, 40] in which, using

the assumption of a fixed γE×B at the L-H transition, the scaling (1) could be derived

by fitting γE×B and using a constant χi in B2-SOLPS5.0 simulations.

This simple considerations do not aim to unify all the different experimental

observations characterizing the transition from L- to H-mode. Many of them require
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a deeper knowledge of the influence of the SOL or of the turbulence-flow interaction.

Here, only the dependencies of the L-H power threshold reflected in the Martin scaling

are considered. A more complete heuristic model based on these principles but also

including the low density branch has been recently proposed in [41]

5. Summary and outlook

The dynamics of the L- to H-mode transition has been characterized to identify the

strongest confinement change. Just before this time point, the minimum of the E×B

velocity, a proxy of the shear flow, is found to be independent on magnetic field and

plasma isotopes highlighting the importance of reaching a constant vE×B rather than

Er to trigger an L-H transition, similar to JET results [28, 25]. These findings extend

the work done in [9, 18] in which the effect of density and wall material were examined

and includes direct measurements of the Er profile. The analysis of the whole database

reveals a constant E×B velocity minimum of min vE×B,LH = (6.7 ± 1.0) km/s over a

factor of three in the power threshold. Data from CXRS and DR for E×B flow are

compared to the neoclassical approximation showing good agreement and indicating

that vE×B cancels the ion diamagnetic flow at AUG. Based on these results, a physics-

based derivation of the Pthr,08 scaling could be obtained by assuming Er ≈ 2∇Ti and

χedge = 1 m/s2. In this picture, Pthr,08 is simply the heat flux per particle required to

reach a certain vE×B. The derivation resembles the one of Wagner [37] and Rozhansky

at al. [39, 40] however, does not require any additional fitting parameter.

A direct extension of this work would be the investigation of the effect of the

SOL and divertor conditions on Pthr and hence on the role of the inner vs outer E×B

shear layer. To this extent, a new SOL spectroscopy diagnostic has been installed at

AUG. Furthermore a characterization of the turbulence characteristics before the L-H

transition from an experimental and theoretical point of view is foreseen. Finally, the

simple considerations introduced in section 4 are investigated within a transport code in

order to go beyond of the assumptions used here. In this way, a more reliable prediction

of Pthr might be possible.
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