
C.F. Maggi, Y. Andrew, N.C. Hawkes, P. Belo, G. Corrigan, D. Dodt,
M. Beurskens, M. Brix, E. de la Luna, D.C. McDonald, G. Saibene,

R. Sartori and JET EFDA contributors

EFDA–JET–CP(11)04/30

L-H Threshold at Low Density and 
Low Momentum Input in the

JET Tokamak



L-H Threshold at Low Density and 
Low Momentum Input in the

JET Tokamak

C.F. Maggi1, Y. Andrew2, N.C. Hawkes2, P. Belo3, G. Corrigan2, D. Dodt1,
M. Beurskens2, M. Brix2, E. de la Luna4, D.C. McDonald2, G. Saibene5,

R. Sartori5 and JET EFDA contributors*

1MPI für Plasmaphysik, EURATOM Association, D-85748 Garching, Germany
2EURATOM-CCFE Fusion Association, Culham Science Centre, OX14 3DB, Abingdon, OXON, UK

3EURATOM/IST Fusion Association, 1040-001 Lisbon, Portugal
4Laboratorio Nacional de Fusion, Asociation EURATOM-CIEMAT, Madrid, Spain

5Fusion for Energy, Joint Undertaking, 08019 Barcelona, Spain
* See annex of F. Romanelli et al, “Overview of JET Results”,

(23rd IAEA Fusion Energy Conference, Daejon, Republic of Korea (2010)).

JET-EFDA, Culham Science Centre, OX14 3DB, Abingdon, UK

Preprint of Paper to be submitted for publication in Proceedings of the  
38th EPS Conference on Plasma Physics

Strasbourg, France
(27th June 2011 - 1st July 2011)



“This document is intended for publication in the open literature. It is made available on the 
understanding that it may not be further circulated and extracts or references may not be published 
prior to publication of the original when applicable, or without the consent of the Publications Officer, 
EFDA, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

 
“Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EFDA, 
Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

The contents of this preprint and all other JET EFDA Preprints and Conference Papers are available 
to view online free at www.iop.org/Jet. This site has full search facilities and e-mail alert options. The 
diagrams contained within the PDFs on this site are hyperlinked from the year 1996 onwards.



.



1

1. IntroductIon.
Previous measurements in JET, as well as in other tokamaks, have found a minimum value of plas-
ma density (ne), nth,min, below which the H-mode power threshold, Pthr , increases with decreas-
ing ne [1],[2]. On the other hand, the multi-machine H-mode threshold scaling law, Pthr,08 [3], is 
roughly linear with ne and the physics mechanisms underlying the ‘roll-over’ of Pthr at low ne are 
unexplained. It is of relevance to ITER, which foresees H-mode access at high BT (5.3T) and low ne, 
whether nth,min scales with BT and machine size. This paper reports on recent L-H threshold studies 
carried out in JET with the MkII-HD divertor at low density and two values of BT to provide ad-
ditional input to these issues. 
 Over the years, L-H threshold experiments at low ne in JET have shown similar Pthr in plasmas 
with either neutral beam (NB) or Ion Cyclotron Resonance Heating (ICRH). In ASDEX-Upgrade, 
similar Pthr has been reported for NBI and ECH heated plasmas over a wide range of ne [4]. In 
JET, Pthr is not affected by variations in toroidal rotation due to TF ripple [5]. On the other hand, 
in DIII-D Pthr is found to increase with injected torque and edge toroidal rotation in experiments 
that vary input power and torque independently by means of co- and ctr- NBI [6]. New JET dis-
charges with varying momentum input are analysed in this paper to investigate the influence of 
NB torque on Pthr. 
 It is likely that the H-mode transition is linked to achieving critical edge conditions. The second 
part of this paper therefore focuses on the analysis of the edge parameters at the L-H transition, in 
order to provide input to the physics of edge transport barrier formation.

2. Global H-mode power tHresHold analysIs.
New low ne experiments were carried out in JET with the MkII-HD divertor at BT = 1.8 and 3.0T 
and down to the lowest achievable ne values (similar to those obtained in previous JET low density 
scans). No evidence of a ‘roll-over’ of Pthr and edge Te at low ne was found (Figure 1), in contrast to 
earlier findings with the MkII-GB divertor (BT = 2.4-2.7 T) and consistent with more recent experi-
ments with the MkII-GB SRP (=divertor septum removed) [2]. This indicates that removing the 
divertor septum had an impact on Pthr and may have lowered its density turning point [2] or even 
eliminated it, although there is no physics explanation to date of why this may be the case. Thus, the 
new data only provide an upper bound for nth,min in JET MkII-HD. Overall, the old and new JET 
L-H datasets at low ne show a weaker than linear increase of nth,min with BT in the range 1.2-3.0T, as 
indicated in the analysis of [3].
 A plasma current (IP) scan from 1.7 to 2.75 MA was carried out in JET MkII-HD at fixed BT=3T 
and ne~ 2×1019 m-3. Pthr was found to vary weakly with IP (or q95), consistent with previous results 
with MkII-GB at similar values of ne (Phr ~ IP

a, |a| <0.2, BT=2.4T) [1] and with the absence of an 
IP dependence in Pthr,08. The weak dependence of Pthr on IP is robust against variations in divertor 
geometry in JET.
 The influence of NB torque on Pthr in JET was assessed quantitatively with a variation in mo-
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mentum input, achieved by modifying the NBI/ICRH ratio, in a subset of the MkII-HD discharges 
shown in Figure 1. A further selection of the data is performed in order to eliminate the known 
dependencies of Pthr with respect to ne, BT and X-point to outer strike point distance. After nor-
malization to Pthr,08,  a residual increase of Pthr with torque of at most 20-30% is found when the 
injected NB torque increases from 0 (ICRH only) to 6 Nm (Figure 2). This is a small, but systematic 
deviation from the scaling law, which can be employed to test physics-based models of the H-mode 
transition. In this study, the NB torque is the average NB torque injected into the plasma, without 
ion orbit effects, as computed by PENCIL [7]. More refined calculations of the NB torque, account-
ing for ion orbit effects, are planned. 

3. analysIs of tHe edGe profIles at tHe l-H transItIon.
Composite profiles are collected in the quasi-stationary L-mode phase (~100-200 ms) prior to the 
H-mode transition. ne profiles are obtained by combining HRTS [8] and Li-beam [9] data, Te pro-
files from HRTS and ECE [10] and Ti, vf, vq from edge CXRS on C+6 [11]. As shown in Figure 3, 
no edge pedestal is observed in Te and Ti before the L-H transition, while ne exhibits a pedestal 
shape, consistent with a SOL source. In H-mode, a steepening of the edge gradients is observed in 
all profiles. The JET MkII-HD dataset is characterized by edge Ti ~ edge Te at the L-H transition, 
weakly varying with ne

PED.
 Using the composite profiles, the edge radial electric field, Er, is calculated from the C+6 impurity 
force balance equation, Er = ∇pI/(ZI e nI) – vq,I Bf + vf,I Bq, assuming constant Zeff and C as the 
dominant impurity. With this assumption, necessary due to lack of direct nI measurements, nI is 
proportional to ne. Due to the weak edge ne and Ti gradients at the L-H transition, the diamagnetic 
component, Edia, is the weakest contribution to Er and its gradient (Figure 4). The vq profile is flat 
and of order 0-5 km/s in the ion diamagnetic direction, consistent with earlier measurements in 
JET [12], and Evf increases with increasing momentum input. In H-mode, all Er components in-
crease substantially, leading to a more pronounced Er well (see Figure 4) and a spin-up of vq up to 
10 km/s in the e- diamagnetic direction is observed in the steep edge gradient region.  Due to un-
certainties in the EFIT magnetic reconstructions, alignment of the edge profiles with respect to the 
separatrix position is inaccurate to at least 2cm when projected at the torus outer midplane. Thus, 
at present, the radial locations of the Er minima cannot be determined with sufficient accuracy. 
Work is on going, so as to reduce such uncertainties, both improving the EFIT reconstructions and 
refining the relative alignment of the edge profiles by invoking power balance along the magnetic 
field lines.
 The EXB shearing rate, wEXB = (R Bq)2/B ∂/∂y (Er/R Bq), is considered by theory to be respon-
sible for the suppression of edge turbulence and the formation of the edge transport barrier. The 
new JET MkII-HD dataset is used to study the relation of wEXB with density, BT and NB torque, 
assuming that a critical wEXB value is required to achieve the L-H transition. Note that in this study 
the neoclassical vq, calculated by NCLASS [13] is used in the derivation of Er, rather than the meas-
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ured one, which is often too noisy at the L-H transition. This is justified by the observation that vq 
~ vq,neo within a factor of 2 (i.e. inside the uncertainty of the measurements). In order to eliminate 
correlations between ne and NB torque, the data are selected at fixed torque/density when studying 
a variation of wEXB with density/torque. The maximum value of wEXB at the L-H transition is found 
to be independent of ne

PED and BT at fixed torque. This could be explained with the assumption of 
a critical wEXB value at the L-H transition and more power required to achieve the critical wEXB at 
higher BT and ne (consistent with Pthr,08). At fixed ne, a modest increase of wEXB with NB torque, 
related to the increase of Evf with torque, is not excluded by the data. This can be confirmed/dis-
proved by reducing the scatter in wEXB and extending the variation in torque in the experiments at 
3T. The analysis will also be extended to the TF ripple experiment, where a significant variation in 
edge vf was observed, with no effect on Pthr [5].   

conclusIons and next steps.
In contrast to earlier results with MkII-GB, no minimum in Pthr and edge Te versus ne was found in 
JET MkII-HD, suggesting that removal of the divertor septum may have lowered or even removed 
the ne turning point of Pthr. Pthr varies weakly with IP (or q95) and shows a residual increase with 
NB torque of at most 20-30% with respect to Pthr,08. Analysis of the edge profiles at the L-H transi-
tion shows lack of Te and Ti pedestals and the presence of a weak pedestal in ne. A weak Er gradi-
ent is observed at the L-H transition, dominated by the Evf and Evq components. The maximum 
value of wEXB at the L-H transition is independent of ne

PED and BT at fixed torque, which could be 
explained under the assumption of a critical wEXB at the L-H transition. A modest increase of wEXB 
with torque cannot be excluded by the present data. Reducing the uncertainties in the Er gradients 
and extending the variation in NB torque in the experiment will elucidate the relation between 
wEXB, torque and Pthr and thus enable testing whether a critical wEXB is required to achieve the L-H 
transition.

acknowledGments
This work was supported by EURATOM and carried out within the framework of the European 
Fusion Development Agreement. The views and opinions expressed herein do not necessarily re-
flect those of the European Commission. CFM acknowledges fruitful discussions with H. Wilson.

references
[1]. L.D. Horton et al., 26th EPS Conf. on Controlled Fusion and Plasma Physics (Maastricht, The 

Netherlands) 1999.
[2]. Y. Andrew et al., Plasma Physics and Controlled Fusion, 48 (2006) 479.
[3]. Y. Martin et al., JPCS 123 (2008) 012033.
[4]. F. Ryter et al., Nuclear Fusion 49 (2009) 062003.
[5]. Y. Andrew et al., Plasma Physics and Controlled Fusion 50 (2008) 124053.



4

[6]. P. Gohil et al., Nuclear Fusion 50 (2010) 064011.
[7]. C.D. Challis et al., Nuclear Fusion 29 (1989) 563.
[8]. R. Pasqualotto et al., Review of Scientific Instruments 75 (2004) 3891.
[9]. M. Brix et al., Review of Scientific Instruments 81 (2010) 10D733.
[10]. E. de la Luna et al., Review of Scientific Instruments 75 (2004) 3831. 
[11]. Y. Andrew et al., Review of Scientific Instruments 77 (2006) 10E913.
[12]. N.C. Hawkes et al., Plasma Physics and Controlled Fusion 38 (1996) 1261.
[13]. W.A. Houlberg et al., Physics of Plasmas 4 (1997) 3230.

Figure 1: From left to right : Pthr versus central line averaged density at BT = 3.0 and 1.8T in JET MkII-HD and edge 
Te versus edge line averaged density.

Figure 2: Residual variation of Pthr, compared to Pthr,08, with average injected NB torque. Selection of data from 
Figure 1 (see text).

0.4

1.6

1.2

0.8

2 4 6

3.0T, ne~2.6×1019 m-3

1.8T

0 8

P
th

r 
/P

th
r,0

8

Average NB torque (Nm)

JG
11

.6
6-

2c

0

8
JET MkII-HD, 2.75MA/3.0T (HT3)

6

4

2

1 2 30 4

P
th

r (
M

W
)

Pthr, 08

Pthr, 08

Central line averaged density
(1019 m-3)

Central line averaged density
(1019 m-3)

Edge- line averaged density
(1019 m-3)

0

8
JET MkII-HD, 1.7MA/1.8T

6

4

2

1 2 30 4

P
th

r (
M

W
)

0

800
JET MkII-HD

600

400

200

1.0 1.5 2.0

2.75MA/3.0T
1.7MA/1.8T

0.5 2.5
E

dg
e 

T
e 
(e

V
)

JG
11

.6
6-

1d

http://figures.jet.efda.org/JG11.66-1d.eps
http://figures.jet.efda.org/JG11.66-2c.eps


5

Figure 3: ne, Te and Ti profiles in JET at the L-H transition and comparison with H-mode.
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Figure 4: Edge radial electric field at the L-H transition and comparison with H-mode.
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Figure 5: From left to right : variation of max wE×B at the L-H transtion with nePED, Pthr and torque.
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