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A first-principles scaling law, based on turbulent transport considerations, and a multi-machine
database of density limit discharges from the ASDEX Upgrade, JET and TCV tokamaks, show that
the increase of the boundary turbulent transport with the plasma collisionality sets the maximum
density achievable in tokamaks. This scaling law shows a strong dependence on the heating power,
therefore predicting for ITER a significantly larger safety margin than the Greenwald empirical
scaling (Greenwald et al, Nucl. Fusion, 28(12), 1988) in case of unintentional H-L transition.

A burning plasma in tokamaks requires plasma densi-
ties near the operational limit in order to be economically
viable. At the same time, it cannot tolerate any disrup-
tion. A purely empirical scaling law for the density limit
in tokamaks was obtained in 1988 [,
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where ngw , known as Greenwald density, is the predicted
maximum line-averaged density, I, the plasma current
and a the plasma minor radius. When exceeded, experi-
mental investigations observe the onset of magnetohydro-
dynamics (MHD) modes leading to a plasma discharge
disruption.

Experiments indicate that the cooling of tokamak
boundary plasma together with the subsequent increase
of the plasma edge collisionality is a strong factor limiting
the maximum achievable density in tokamaks, providing
a strong link between the edge collisionality and density
limit [247]. A Multifaceted Asymmetric Radiation From
the Edge (MARFE) is often observed when approaching
the density limit [8HI3], supporting the hypothesis of a
strong edge physics role. Experiments also demonstrated
that the Greenwald limit can be exceeded through pellet
injection that mainly increases the core, and only weakly,
the edge density [I4]. Observations from TCV experi-
ments show the density limit preceded by a collapse in
the edge temperature followed by a temperature profile
decrease in the core region, leading to changes in the ¢
profile and internal inductance [I5, [I6]. The change in
internal inductance indicates a modified plasma current
profile that is susceptible to tearing modes and, finally,
plasma disruption [17].

In this Letter, we show the link between the collapse of
the pressure gradient at the tokamak edge and the cross-
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ing of the L-mode disruptive density limit by leverag-
ing first-principles theoretical considerations and a multi-
machine database of density limit discharges of the AS-
DEX Upgrade (AUG), JET and TCV tokamaks. These
discharges cover a wide range of values of the density,
plasma current and heating power with several external
heating systems, such as Neutral Beam Injection (NBI),
Electron Cyclotron Resonance Heating (ECRH) and Ion
Cyclotron Resonance Heating (ICRH), and different wall
types (TCV has a carbon wall whereas the other ma-
chines feature metal walls). In particular, the plasma
current ranges from 0.1 MA to 2.5 MA, the toroidal mag-
netic field from 1.4 T to 3 T, the tokamak major radius
from 0.9 m to 3 m and the power crossing the separatrix
from 0.1 MW to 9 MW, yielding line-averaged electron
density ranging between 2x10'® m~3 and 1.1x10%° m—3.
Thanks to the wide range of parameter values as well
as the various heating systems and tokamak sizes, this
database is particularly suitable to make reliable conclu-
sions on ITER.

The density limit is often studied experimentally by
increasing the gas flux, and thus plasma density, until
causing an intentional disruption, as shown in Fig. [I] for
the JET discharge #80823 [I8]. Here, the density in-
creases until the onset of a MARFE, as identified by a
strong increase in the radiation intensity in the region
above the X-point (see Fig. , that is followed by an
MHD mode and plasma disruption. Fig.|2|shows the ra-
dial profiles of the electron density, electron temperature
and electron pressure at three times before the onset of
the MARFE. The density increase is accompanied by a
cooling of the electron temperature at the tokamak edge
and an increase of the edge collisionality. This plasma
collisionality increase is expected to enhance turbulent
transport, as experimentally shown in Ref. [19], that fur-
ther decreases the edge temperature and thus pressure
gradients until they collapse (see Fig. [2)). Finally, the
collapse of the edge temperature and pressure gradients,
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associated with the MARFE onset, leads to a reduced
plasma current channel where the ¢ profile decrease trig-
gers MHD modes.

As shown in Fig. 2] the crossing of the density limit
can be associated with a collapse of the pressure gradient
near the edge (between ppo1 = 0.9 and ppo = 1, where

Ppol = V¥ /YLers with 9 the poloidal flux and ¥p,crs
the value of ¢ at the last-closed flux surface (LCFS)),

which is estimated here from a balance between heat
source, turbulent transport across the separatrix and par-
allel losses at the vessel wall. The physical model consid-

ered here is based on a simplified drift-reduced Braginskii
fluid model,
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where p. = nT, is the electron pressure, n and T, the
electron density and electron temperature, respectively,
¢ the electrostatic potential, vg = (b xV¢)/B the ExB
drift velocity, Q. = eB/m; the ion cyclotron frequency,
V| f = b-Vf the gradient parallel to the magnetic field,
V3 f=V-[(bxVf)xb] the laplacian operator acting
on the plane perpendicular to the magnetic field, with f
a scalar function, B the modulus of the magnetic field,
b = B/B the unit vector of the magnetic field, s, the
electron heat source,
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the electron thermal parallel conductivity and
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the parallel conductivity, with 7. the electron collision
time. A fluid model approach is justified by the high
plasma collisionality in the tokamak boundary for these
conditions. At high collisionality, we expect bound-
ary turbulence to be driven mainly by resistive inter-
change modes, as supported by nonlinear turbulent sim-
ulations [20H23]. The effect of core radiation is included
in the power entering into the scrape-off layer (SOL),
PSOL = Ptot Prad >~ 27TR()S = 27TRO fACo Sp dA with
Pt the total heating power, P;.q4 the core radiated power
and Acoe the area on a poloidal plane inside the LCFS.
We do not, conversely, consider the effect of neutrals on
the turbulent transport, as results from Ref. [24] indicate
that neutral dynamics affects only weakly such turbulent
transport near the separatrix. In the following, p. is writ-
ten as the sum of an equilibrium component, p., defined
as the time and toroidal average of p., and its fluctuation,
De, defined as p. = pe — Pe (and similarly for ¢).

In Ref. |25], the density limit has been associated to
a strong increase of turbulent transport due to nonlinear

electromagnetic fluctuations, while Ref. [26] associates it
to a turbulent regime transition. Here, we associate the
crossing of the density limit to the collapse of the edge
pressure gradient, which is estimated by the equilibrium
pressure gradient length, L, = p./|0yDe|, becoming a
considerable fraction of the tokamak minor radius, i.e.
L, ~ a. An estimate of L, can be obtained by balancing
Sp with the cross-field heat flux g, integrated over the
LCFS, i.e.

14 k2
2

Sp ~ ma Qv (6)
with k the plasma elongation. In the highly turbulent
transport regime considered here, the equilibrium cross-
field heat flux across the separatrix can be neglected, i.e.
DeVE,p K DeVE,y, Where vg 4 is the component of vg
along Vv, with ¢ the flux function. The cross-field heat
flux across the LCFS is therefore solely determined by
turbulent transport, gy ~ pe@E,w, where g 4 can be ob-
tained by linearizing Eq. , YPe ~ —OyPeVE.y, With
v =~ +/2/(RoLy)cs the growth rate of the interchange
instability [27], cs = \/T./m; the ion sound speed and
Ry the tokamak major radius. Following Ref. [21], p.
is estimated by assuming the growth of the linearly un-
stable modes saturates when the instability drive is re-
moved from the system [28, 29], i.e. kype ~ De/Lp,
where ky, ~ \/k, /L, as shown by non-local linear analy-
sis [29] and ky ~ Q.;/(qRo)[mio)/(e2ny)]/? is obtained
by balancing the interchange drive and the parallel cur-
rent terms in Eq. (3) [30], where ¢ is the edge safety factor
at the 95% flux surface. These assumptions lead to

~ 23/4 ¢t %q R,
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By substituting ¢y, Eq. , into Eq. @ and solving for

L,, we obtain
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We estimate T, at the LCFS by balancing the heat source
with the parallel heat losses in the SOL, by assuming par-
allel heat conduction dominates over parallel heat con-
vection, as would be expected at high density. This leads

to [31]
T~ (7 SpL qRo)w 9)
‘ 2 X|leoLp @ 7
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where |0 = XHeTe , Ly is the parallel connection
length in the SOL and we have approximated B/By at
the outboard midplane with ¢Rg/a (By is the modulus
of the poloidal magnetic field). A final scaling of L, is
obtained by substituting 7., Eq. @D, into Eq. (8)),
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FIG. 1: Time trace of the gas flux, electron density from Thomson scattering, radiation intensity and magnetic
perturbations for the JET discharge #80823. The MARFE event is identified by the strong increase of the radiation
measured above the X-point. The MARFE onset precedes the appearance of a locked mode, which eventually leads

to the plasma disruption. The red dashed vertical line represents the time of the MARFE onset, t); ~ 20.9 s. The
onset of the locked N = 1 mode occurs at 21.95 s, while the disruption time is at 21.1 s.
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FIG. 2: Radial profile of the electron density (a), electron temperature (b) and electron pressure (c) as a function of
the normalized radial coordinate at three different times of the JET discharge #80823. The time of the MARFE
onset is denoted as tys (see Fig. . The radial profiles are obtained by fitting Thomson data with splines (Hermite
form), imposing the profile and its first derivative to vanish at ppo = 1.1 and enforcing the monotonicity of the
profile in the edge region.
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where o) = JHTQ_?)/ > and we have dropped numerical
constants.
Imposing the condition L, ~ a in Eq. leads to
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where nyj, denotes the maximum density that can be
achieved in the proximity of the separatrix. By taking
S, = PSOL/(QTI'R()), LH ~ qRo and using EqS. and
, we can write this scaling for the maximum achiev-
able edge density, Eq. , in terms of engineering pa-
rameters,

Nlim ~
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(12)
with 715 in units of 102 m~3, A the mass number of the
main plasma ions, Psor, the power crossing the separatrix
in MW, Ry and @ in m and Bp the toroidal magnetic
field in T. The parameter « is a numerical coefficient,
of order unity, that accounts for all numerical constants
and approximations that remain from order of magnitude
estimates. This proportionality constant could depend
upon the plasma shape and divertor geometry. However,
as shown later, a unique value of « is sufficient to describe
the maximum density achievable for all the tokamaks and
discharges considered herein.

To compare Eq. and Eq. , we rewrite Eq.

in terms of the plasma current,

22/21

- I
i ~ AVO PG RGP B (1) T s (13)

We note that Eq. (1)) and Eq. share a main depen-
dence on I, and a, but the density limit in Eq. now
depends on Psor,. The power dependence in the density
limit has been extensively investigated in the past (see
e.g. Refs. [12, 18, B2H37]), leading to contrasting results,
where either significant or no dependence on the heat-
ing power has been observed. Focusing on the L-mode
disruptive density limit considered here, while no power
dependence is reported in early references [I}, 4], a more
recent experimental investigation based on JET data has
found a significant dependence on the heating power,
with the maximum achievable density proportional to
PP-A [18], which agrees well with the power dependence
in theoretical scaling of Eq. (13), i.e. nym o PS5e. We
also highlight that a significant dependence on the heat-
ing power is also found in a recent density limit scaling
derived in Refs. [38] [39] from a thermal balance between
the heating power, the radiative emission and the radial
transport based upon an effective perpendicular heat dif-
fusivity.
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We now validate Eq. against the multi-machine
database of density limit discharges from the AUG, JET
and TCV tokamaks. Two different scenarios are consid-
ered: (i) a standard scenario where the density limit is
reached in L-mode (i.e. no H-mode phase), where the
plasma density is increased up to the density limit, and
(ii) an ITER-relevant scenario where the L-mode density
limit is preceded by an H-mode phase [I2HI4] 18, 40]. In
the second scenario, the plasma undergoes first an L-H
transition, then as the density is increased, plasma con-
finement degrades until an H-L transition occurs and,
once in L-mode, a density limit is attained.

Validation is performed by fitting the experimental
edge density at the MARFE onset to the scaling in
Eq. , using the numerical factor « as the only fitting
parameter that is the same in all discharges on all the
tokamaks. The choice of the MARFE onset as the refer-
ence time is motivated by considering the MARFE as a
precursor of the density limit. The experimental value of
the density at the MARFE onset is obtained by averaging
the edge density, measured by means of Thomson scat-
tering, in the region between ppo1 = 0.85 and ppo1 = 0.95
in all the discharges and tokamaks. The radial interval
between ppo = 0.85 and ppo1 = 0.95 is chosen to reduce
uncertainties of the experimental density. While choosing
the interval between ppo1 = 0.9 and ppo1 = 1.0 does not
affect the overall trend, it adds significant uncertainties
on the experimental values of density.

The result of the comparison is shown in Fig. 3] (a).
The theoretical scaling law well reproduces the measured
edge density at MARFE onset, with a high fitting quality
parameter, R? ~ 0.8, and o ~ 3.3 & 0.3. Fitting sepa-
rately the three tokamaks leads to variances in « that
are below 10 %, showing the robustness of this approach
with respect to machine specificities. We underline that
L-mode and H-mode scenarios both follow our scaling.
The density limit for both scenarios is thus described
with the same plasma dynamics, independently of dis-
charge history and/or wall type.

The uncertainty on the theoretical predictions is
mainly due to the experimental measurement of the
power crossing the separatrix, which is estimated from
the total power coupled to the plasma, having subtract-
ing the core radiated power. The later is inferred by line
integrated measurements of the bolometer cameras look-
ing at the main plasma (typically by a tomographic inver-
sion) and is affected by an experimental uncertainty that
can be up to 50 %. In order to reduce the experimental
uncertainty, the power crossing the separatrix is averaged
on a time window of 20 ms before the MARFE onset, ex-
cluding the values close to the MARFE event where this
quantity drops significantly because of the strong increase
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FIG. 3: (a) Experimental edge density measured by means of Thomson scattering at the onset of the MARFE
compared to the theoretical prediction ny, provided by Eq. with a = 3.3 £0.3. (b) Experimental measured
maximum line-averaged density (navg) compared to the prediction provided by the empirical scaling law in Eq.
(red dashed line). For comparison purpose, a proportionality factor is also considered in the empirical scaling when
evaluating the R? parameter. Different marker shapes and colors are used to distinguish between the standard
density limit (DL) and the density limit of discharges with an H-mode phase (HDL). As examples, the errorbars are
shown for the discharge with the lowest and highest density.

of the core radiated power. As indicative value, we esti-
mate a 20 % uncertainty for the experimental values of
the edge density as well as for its theoretical prediction.

Fig. [3| (b) shows a comparison between the maximum
line-averaged density of the discharges considered here
to the empirical scaling law predictions from Eq. (red
line in Fig. (3| (b)). The quality of the agreement is eval-
uated through the parameter R? and a proportionality
constant is also used for the empirical scaling (black line
in Fig. [3| (b)). Although the empirical scaling is able to
reproduce the overall experimental trend, there is a sig-
nificant scatter in experimental data indicating missing
dependencies in Eq. and low R2?. As a further con-
firmation of the Psor, dependence in Eq. , we note
that no significant deviation or trend are observed from
Nedge/Mim = 1 as a function of Psor, across the entire
database that covers almost two orders of magnitude in
Psor (see Supplemental Material [41]). A dependence on
Br appears in Eq. , which is not present in Eq. .
This dependence leads to a decrease of the density limit
in high-Byr fusion devices. For example, Eq. yields
to njim = 5 x 102° m~3 for Alcator C-Mod (Ry = 0.67 m,
a=022m, k =15, Br =8 T, Pso, =5 MW and
g = 4 [42]), which agrees with the maximum density
achieved in C-Mod shown in Fig. 3 of Ref. [4], and it is
approximately a factor of two smaller than the prediction

of Eq. .

We conclude with a prediction of the density limit for
SPARC [3] (Rp = 1.85 m, a = 0.57 m, Br = 12.2 T,
g =3, k =2) and ITER (Ry = 6.2 m, a = 2 m,

Br =53T, ¢g=3and x = 1.8). The scaling in Eq.
with SPARC parameters and Psor, >~ 28 MW leads to
nEPARC ~ 8.7 x 102 m™3, which is very close to the
Greenwald density for SPARC, nffaRc ~ 8.5 x 1020 m~3.
Although SPARC will probably not provide a defini-
tive data point that would decide between Eq. and
Eq. (12), it will operate well below both limits [43]. On
the other hand, the scaling in Eq. with ITER param-
eters and Psor, >~ 50 MW leads to nj "™ ~ 2.5x 1029 m~3,
which is a factor of two higher than the Greenwald den-
sity for ITER, n3E* ~ 1.2 x 10** m™3. We underline
that fusion power plants will operate with a much larger
Psor, than present day tokamaks, leading to significantly
higher values of density limit than the Greenwald scaling
and therefore a larger safety margin in case of accidental
transition to L-mode, with important implications for the
design and operation of future fusion power plants. We
stress that our predictions rely on purely physics-based
calculations and on a database of discharges spanning a
larger size than the distance to ITER. Nevertheless, given
the important consequences for ITER, this result calls for
the urgent need of further experimental investigations of
the power dependence in the L-mode density limit.
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