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The experimental Greenwald density limit in tokamak H-mode is explained from the requirements

that in the edge transport barrier the radial pressure gradient does not exceed the ballooning stability

threshold and the plasma collisionality corresponds to the transition from the plateau regime of

neoclassical transport to the Pfirsch–Schlüter one, where the edge temperature and plasma energy

content decrease dramatically with increasing density. © 2009 American Institute of Physics.
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The Greenwald density limit in tokamaks
1,2

remains one

of the most puzzling phenomena in plasma physics. It pro-

vides a very laconic relation between the maximally achiev-

able line averaged density n̄ of charged particles and the

averaged density of the electric current in the plasma,

n̄ � nGr � IP/��a2� ,

where n̄ and nGr are measured in 1020 m−3, the total plasma

current IP in MA and the separatrix minor radius a in m.

Numerous attempts to explain this limit are based on the idea

of a bifurcation in the balance between the power transported

from the plasma core and lost from the edge by different

mechanisms, e.g., heat conduction, convection, and impurity

radiation. Normally this results in the absence of stationary

states if some maximum plasma density at the edge is ex-

ceeded. However, in the high confinement H-mode the den-

sity limit does not lead to such a catastrophe but to a gradual

deterioration of the confinement to its level in the low con-

finement L-mode. In this way the type I edge localized

modes normally disappear and therefore by analyzing the

density limit in H-mode, see, e.g., Ref. 3, the condition that

the maximum plasma pressure gradient is below the ideal

ballooning limit is often applied,

�d�nT�/dr� � B2�cr/�16�Rq2� , �1�

where r and R are the minor and major radii of the magnetic

surfaces, B is the magnetic field, �cr is the ballooning stabil-

ity parameter, and q is the safety factor. In the edge transport

barrier �ETB� we assume linear profiles of the plasma den-

sity and temperature, the same for electrons and ions,

n�r� = ns + �nb − ns��x/�n�, T�r� = Ts + �Tb − Ts��x/�T� .

Here x=a−r, ns and Ts are the plasma parameters at the

separatrix, nb and Tb are their pedestal values, and �n and �T

the widths of the ETBs in the density and temperature, re-

spectively. In accordance with findings on diverse tokamaks,

e.g., DIII-D,
4

we adopt that �n is defined by the penetration

depth of recycling neutrals. In diffusion approximation for

neutral transport, see, e.g., Ref. 5, this corresponds to the

condition

�
0

�n

n�kikcxmi/Tdx 	 1

with mi being the ion mass, ki and kcx the ionization and

charge-exchange rate coefficients for hydrogen isotope at-

oms, correspondingly. The width of the ETBs in the tempera-

ture profiles appear to be associated with other physical pro-

cesses so that �n and �T are often different. Nonetheless for

the present qualitative study we adopt �n=�T and take into

account that Ts�Tb. Then Eq. �1� results in

Tb�� � �crR/�16���B/qRnb�2, �2�

where ��	�2−��
0
1��+ �1−�����kikcxmi / �Tb��d� and

�=ns /nb. With the temperature dependences of ki and kcx

from Ref. 6 one gets with an accuracy of 5% in the param-

eter range of interest, 0.3���1 and 0.2�Tb�2 keV,

�� 	 �0�T0/Tb�0.4,

where �0=3.6	10−19 m2 and T0=0.7 keV. Thus, the bal-

looning condition �1� provides the upper limit for the plasma

temperature at the ETB top,

Tb � T0
−0.67� �crR

16��0

�1.67� B

qRnb

�3.34

. �3�

Suppose for a moment that the density limit corresponds

to the transition in the ETB plasma from plateau to Pfirsch–

Schlüter �PS� neoclassical regime, i.e., the collisionality

qR /
c=0.222 �Ref. 7�; here 
c=3Tb
2
/ �2�2��e4Zeffnb� is the

mean free path length between coulomb collisions with �

being the coulomb logarithm, e is the elementary charge, and

Zeff is the ion effective charge. Thus at this transition,

Tb = 2.74e2��BZeff�qRnb

B
. �4�

Being combined, Eqs. �3� and �4� result in

7.142��BZeffe
4�0.13� �0

�crR
�0.435

T0
0.174 �

B

qRnb

. �5�

For elliptic plasmas with elongation E we adopt according to

Ref. 8 �cr	0.4 s �1+E2�, where s=d ln q /d ln r is the mag-

netic shear, and according to Ref. 9, q	6EBa2
/ �RIP�, with

R measured in m and B in T; the coulomb logarithm is a very
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weak function of the temperature and �	18 will be used.

With these estimates Eq. �5� results in the condition

nb � 0.367
�sR�1 + E2��0.435

�BZeff�
0.13E

nGr. �6�

The factor in front of nGr on the right hand side of Eq. �6�
depends very weakly on the magnetic field, effective ion

charge, and plasma elongation and a little bit stronger on the

magnetic shear and major radius. For parameters typical at

the ETB top in the tokamak JET,
10

s=4, R=3 m, Zeff=1.5,

B=2.5 T, and E=1.6, we get

nb � 0.989nGr �7�

in astonishing agreement with experimental Greenwald den-

sity limit! Since without special means such as pellet
11

or

impurity
10

injection the density profile is normally very flat

in the core of H-mode plasmas and the limitation above

holds also for the line averaged density n̄.

Finally, we demonstrate that the energy confinement de-

teriorates fast if nb exceeds nGr. Consider first the ion chan-

nel. In the ETB the ion heat conduction, interpreted from

measurements,
12

can be well reproduced by the neoclassical

one: �
�

i 	�i
neo
n
T�, with �
 ,�� smoothly changing from

�1, 1.5� in the plateau regime to �2, �0.5� in the PS one.
7

From the ion heat balance in the ETB,

qi 	 ��Tb/�T 	 ��Tbnb�� 
 nb

Tb

�Tbnb�0�T0/Tb�0.4, �8�

one gets for a fixed density qi of the ion heat flux

Tb 
 nb
−�
+1�/��+0.6�.

This provides Tb
nb
−0.95 in the plateau regime for nb�nGr

and Tb
nb
−30 in the PS one, where nGr is exceeded. Thus the

H-mode density limit is not a bifurcation, which would result

in a loss of the stationary state, but a transition to the situa-

tion where the edge temperature drops very fast with increas-

ing density. The fact that events at the H-mode density limit

start with a significant reduction in the pedestal ion tempera-

ture has been observed experimentally, see Fig. 6 in Ref. 13.

Even in the H-mode the transport is anomalous beyond the

ETB so that in the plasma core the temperature profile is stiff

and the density is flat. Therefore the ion energy content

W
Tbnb drops by a factor of 2 if nb is ramped up above nGr

by less then 3%.

The electron heat conduction �
�

e in the ETB exceeds

significantly its neoclassical level. By reproducing experi-

mental profiles it was obtained �
�

e 	�
�

i in Ref. 12 and

�
�

e 	�
�

i
/4 in Ref. 14 where convective heat losses were

accounted in the power balance. Thus the growth of the ion

heat losses at nGr should lead to a significant drop of the

overall plasma confinement. Moreover, electrons are cooled

down through coulomb collisions with ions and their colli-

sionality increases strongly for nb�nGr: ��
nb /Tb
2
nb

61. As

a result the anomalous electron heat transport generated

through resistive drift instabilities,
15–17

typical at the plasma

edge under the L-mode conditions, rises significantly and

exaggerates the confinement deterioration initiated in the ion

component.

The present approach to the density limit in the H-mode

as a transition in the heat transport at the plasma edge is in

line with that proposed in Ref. 5 for the density limit in the

L-mode. The main difference is that in the former case the

change in the neoclassical regime is of importance and in the

latter one the anomalous transport is modified, from that

driven by drift-Alfvèn �DA� to the one triggered by drift

resistive ballooning �DRB� modes. The parametric depen-

dencies of transport coefficients are very similar for

plateau/DA and for PS/DRB regimes, correspondingly, and,

therefore, scalings for the H- and L-mode density limits are

also close each other.

Finally we want to stress the principal difference of our

approach to the H-mode density limit from that proposed by

Borrass, see Ref. 18 and his latter papers, where divertor

detachment is considered as a triggering event. Note that

Borrass’ model essentially presumes Bohm anomalous trans-

port in the scrape-off layer, being questionable under the

H-mode conditions. Both approaches provide essentially dif-

ferent dependence of the density limit on the magnetic field

that would allow to discriminate them experimentally.
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