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Abstract

We present experimental evidence from the ASDEX Upgrade tokamak of
a robust relation between the edge radial pressure gradient and the global
confinement of the plasma. This relation transcends the power flowing across
flux surfaces near the edge and thus suggests that the usual model of cross-field
heat flow is not appropriate.

1 Introduction

Cross-field transport at the plasma edge plays a critical role for many aspects of
tokamak plasma operation. First, the achievement of H-mode is thought to be inti-
mately connected to the plasma conditions only centimetres inside of the separatrix
[1]. The improved confinement, associated with H-mode, is most noticeable within
this narrow region, where a ‘transport barrier’ develops and which is characterized
by steep radial gradients of plasma density, temperature and pressure. The improve-
ment in confinement, however, is not limited to the edge region, but clearly extends
throughout the entire plasma volume [1, 2, 3, 4]. This is one indication that edge
confinement is related to global confinement.

Second, the cross-field transport properties of the plasma edge control the width
of the scrape-off layer (SOL) (along with parallel transport rates), and most impor-
tantly, the power e-folding width, Ap, for the parallel flow of power to limiters or
divertor plates [5, 6]. For a given plasma heating power, Ap determines the power
density incident on mechanical structures, or alternatively, the radiation density re-
quired in dissipative scenarios, such as those presently envisaged for ITER (7). While




it is clear from experiment that Ap is reduced in H-mode discharges [8, 9, 10], little
else is known at present about how cross-field transport in the edge is related to the
global parameters of the plasma. Even empirical scalings are presently scarce.

In this paper we will show experimental evidence from the ASDEX Upgrade
tokamak which demonstrates a strong relation between the transport properties
of the plasma edge and the global confinement. This not only includes H-modes
discharges, but discharges of many types in ASDEX Upgrade.

We start first in Sect. 2 with a brief description of ASDEX Upgrade and the
boundary diagnostics used in this study. In Sect. 3, for reference, we give a com-
monly used formulation for diffusive cross-field heat flow and in Sect. 4 show a con-
sistent experimental example, where gradients at the edge increase approximately
in proportion to the cross-field power flow. In Sect. 5 we give a contrary example
for similar plasma conditions, where the gradients at the edge are independent of
the power flow. In Sect. 6 we suggest a resolution to this apparent contradiction,
based on a linkage between edge confinement and global confinement. In Sect. 7
we expand the data base to demonstrate that this linkage is a general feature of
discharges in ASDEX Upgrade. In Sect. 8 we suggest a non-dimensional scaling so
that these results might be compared to other machines. Finally, in Sects. 9 and 10
we discuss the results and conclude.

2 Experimental Details

The ASDEX Upgrade tokamak (AUG), Fig. 1, is a single-null divertor machine,
with graphite as the primary first-wall material and neutral beam injection (NBI)
heating up to Pypr =~ 10MW [11]. The plasma boundary is extensively diagnosed.
Specifically, in this paper we use high resolution electron cyclotron emission (ECE)
for T. profiles [12, 13], a lithium beam for n. [14] and core and edge Thomson
scattering for both n, and T. profiles [15]. In the case of the core Thomson system,
although the distance between channels is relatively large, ~ 2cm., the measurement
has high spatial accuracy near the boundary owing to the expanded flux surfaces at
the point of measurement, Fig. 1.

Fig. 2 gives typical profiles of electron density, temperature and pressure from
two identical H-mode discharges with I, = 1.0M A, By = 2.5T, . = 8 X 1003
and Pygr = 5.0MW. All measurements are mapped to the outside midplane with
an absolute accuracy of &~ lem, and a relative accuracy of &~ lmm. Fig. 2a includes
density measurements from the core and edge Thomson systems and the lithium
beam. Fig. 2b gives T. measurements from the two Thomson systems. Fig. 2¢
gives the electron pressure p. profile derived from the two Thomson systems. In
general, good agreement, is obtained between the various diagnostics, allowing for
the a lem absolute positional uncertainty. One exception is the separatrix density



as obtained with the core Thomson system, which is approximately a factor of two
higher than the edge Thomson and the lithium beam, although good agreement
with the edge Thomson is obtained in the case of T.. This discrepancy is ascribed
to the difficulty of maintaining the absolute calibration of the Thomson scattering
system when shifting the laser beam, the collection optics and the detection system
between the edge and core measuring locations.

3 Cross-Field Transport of Power

In the absence of ELMs or particle sources in the confined plasma, it is commonly
assumed in edge plasma work that power moves across field lines in the plasma
boundary according to a simple conduction equation,

Psor, = —Apnex.l_%l;’ (1)
where Psor, is the power entering the SOL, x. is the anomalous cross-field heat
conduction coefficient (ions + electrons, x1 = x5 + X, ) and A, is the plasma
surface area. (In this study we do not measure T;, and so we simply assume that
T: = T. = T.) According to Eqn. 1 therefore, as the power crossing the boundary
is increased, other things being equal, the radial temperature gradient should also
increase.

In cases where cross-field convection is also present, then it is possible to discuss
using a somewhat different equation,
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where D is the cross-field diffusion coefficient (ions + electrons, D; = DS + D}
). If we make the simplifying assumption that D, = 2x1/5, then we arrive at a
convenient equation in terms of electron pressure pe,

dPe
. =—A 3
PSOL = p X L I ( )

Another approach is to simply use Eqn. 3 as an alternative to Eqn. 1 for the
definition of x,. In any case, the gradients, either of temperature or of pressure,
should increase as the cross-field power flow increases (if x is fixed).

From an experimental point of view, one can use Eqns. 1 or 3 along with ex-
perimental measurements to derive empirical x, values. We attempt to do this in
the next two sections by varying Psor by two very different methods in otherwise
similar hydrogen discharges ( I, = 0.8M A, 7. = 5.2 x 10°m™3),




4 Varying Psor using NBI

In the first experiment (discharges 7808/7810), Fig. 3, Psor, is increased over the
Ohmic value using NBI which, according to Eqns. 1 and 3, increases the radial
temperature (Fig. 3a) and pressure (Fig. 3b) gradients as determined with the core
Thomson system at 7 = a—1em. The increase in the gradients is nearly linear at low
values of Psor. The density profile from Thomson scattering and lithium beam in
the boundary shows no dependence on Psoy, within this data set. Psor, is determined
- here using Psor = Piot — Prad,xa, Where P, is the total input power and Prad Xa
is the radiated power above the X-point based on bolometer measurements. These
discharges had relatively low levels of radiated power fraction, i.e. ~ 30%. While
this method of determining Psoy is not ideal (e.g. the SOL cannot be resolved),
it is the best that can be presently obtained given the limited spatial resolution
of the bolometers on ASDEX Upgrade. The data of Figs. 3a and 3b imply an
approximately constant value for x, (using Eqn. 1), Fig. 3c.

One should note that these data include Ohmic, L-mode and and H-mode dis-
charges, with the H-mode discharges exhibiting Type III and Compound ELMs.
Also, the pressure gradient, although rising in a linear fashion for most of the data
set, appears to saturate at the appearance of Compound ELMs (but not Type III
ELMs), at a value which is approximately consistent with the ideal ballooning limit

given by, ,
g’; =03 Bfr3@ (4)
orit toRog® dr

for simplified geometry (large aspect ratio and circular flux surfaces) [16]. In this
expression, p is the total pressure (ion + electron), q is the safety factor and R, is
the major radius. The critical electron pressure gradient at this radial location is
calculated (assuming p. = p/2) from magnetic data to be dp./drei ~ —100kPa/m,
which is roughly a factor of & 2 higher than the limit observed in Fig. 3b. Given the
experimental error (which is estimated to be & 40%), and the error associated with
the above simplified expression, the observed pressure gradient limit is consistent.
Similar conclusions have been made in other studies on Compound and Type I
ELMs, on ASDEX Upgrade [17, 18, 19] and on other machines [1, 20, 21, 22].

The conditions given in Fig. 3 and at other points in the paper are time-
averaged. While the meaning of this may be clear in Ohmic and L-mode discharges,
in the case of H-mode discharges with ELMs, it is not immediately obvious what
the relation is between the time-averaged gradients and the gradient that initiates a
Compound or Type I ELM. Time-resolved measurements on ASDEX Upgrade (not
presented here) using ECE and lithium beam [17, 18, 19] and Thomson scattering
[23] show that the limiting pressure gradient is within &~ 20% of the time-averaged
value. Similar findings have been reported on DIII-D [20]. Considering other un-
certainties in these measurements and the approximations inherent in Eqn. 4, this
difference is negligible.




5 Varying Pso; using Neon Radiation

In the second experiment (discharge 6565, L-mode) the NBI power was maintained
constant at Pnypr = 3MW while the level of radiation in the periphery of the
confined plasma was varied with neon gas injection. Fig. 4 shows the radial 7.
profiles obtained with ECE in this discharge at two times, corresponding to low
neon level (Psor =~ 1.8MW) and high neon level (Psor, &~ 0.8MW). Although the
resolution of the bolometer system on ASDEX-Upgrade, which is &~ 5¢m, cannot
resolve the SOL, it can identify the neon radiation mantle in the periphery of the
confined plasma. This emcompasses the volume between r ~ a — 15¢cm to r = a,
similar to that seen earlier in ASDEX Upgrade [24, 25] and DIII-D [26].

The two T, profiles in Fig. 4 are similar, particularly with respect to the gra-
dients. Closer inspection reveals that the high neon plasma boundary is generally
colder close to the separatrix, e.g. the nominal separatrix temperature is &~ 108eV
in the high neon discharge, compared with = 127¢V in the low neon discharge.
This difference, i.e. = 20eV), is easily resolved by the ECE system, which has a
resolution < 1eV, and is consistent with the factor of ~ 2.3 difference in Pso, for
the two times, assuming that the cross-field power is exhausted along field lines to
the divertor according to Spitzer-Harm conductivity [27]. Recent studies in ASDEX
Upgrade have shown that the mid-plane separatrix temperature is consistent with
Spitzer-Harm conductivity over a wide range of conditions [6, 23]. The absolute
position of the separatrix is not known to better than +1cm, and thus the above
quoted temperatures have considerable absolute uncertainty associated with them,
although the relative error is expected to be quite small. The determination of the
slope is small, and is used along with Eqn. 1 to derive x, . Although not shown, the
corresponding density profiles from the Thomson scattering systems and the lithium
beam are indistinguishable for the two times.

Fig. 5 summarizes the results of this experiment, for comparison with Fig. 3,
where Psoj, was varied using NBI. No change in the radial temperature gradient at
r = a— lem (Fig. 5a) is measured, implying in this case that x; « Psor (Fig. 5b),
in contrast to the previous experiment where x; was nearly independent of Psor,
for similar plasma conditions.

6 Relation to Global Confinement

The results of Figs. 3 and 5, while apparently contradictory, are consistent with the
hypothesis that the edge gradients, or effectively, the edge confinement, follow the
global confinement. This is demonstrated by Figs. 3d and 5c, which give the global
stored energy Wirpp for the two experiments. In the case of the first experiment,
Fig. 3, the NBI power scan, the stored energy increases approximately as Wyrpp
Psl,-ézL x P? (the radiated power fraction is constant) as expected for L-mode and
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H-mode confinement and, one notes, qualitatively similar to the pressure gradient
behaviour, dp./dr < Psor. The behaviour in the neon experiment is consistent
in that the temperature (and pressure) gradient remains constant while the global
stored energy remains constant. In this case, while neon radiation greatly increases
the radiation losses from the discharge, these losses are primarily in the plasma
periphery, and thus have little effect on global confinement. It is, nevertheless,
surprising that the edge gradients are not influenced by the high levels of radiation
in the region and the significant change in cross-field power flow.

In Fig. 6 we present another example of the effect of neon, this time in a
CDH-mode discharge [28] with Type III ELMs (shot 8179, I, = 1M A, B; = 2.5T,
Pyo: = 7.5MW). In this case electron pressure profiles from core Thomson scattering
are given. Without neon, Psor = 4.2MW, compared with Psor, = 1.6 MW with
neon. The corresponding stored energies are Wygp = 0.6MJ and Wygp = 0.7TM J,
respectively, i.e. somewhat higher for the case with neon. This is apparent in the
figure, where the case with neon has slightly higher electron pressure, although the
gradients near the boundary are similar. Despite the factor ~ 2.6 lower value for
Psor, the case with neon shows a similar radial pressure gradient.

7 General Relation to Global Confinement

The results of the previous section suggest a connection between edge confinement
and global confinement. We have investigated whether a general relation holds in
other types of discharges, broadening the range of discharge parameters to include
0.6MA < I, < 1.2MA, 1.5T < B, < 3.0T, 2 x 10¥m™ < 7@, < 1.2 X 10%°m 3,
0.2MW < Psor < 6.0 MW, hydrogen/deuterium, fresh/old boronizations, impurity
gas puffing and 0.2 < Psor/Piot < 0.9 — basically all diagnosed and stable discharges
between shot 7730 and shot 8235, performed in the spring of 1996. Only steady state
conditions were used, which is defined as having constant conditions over periods
of greater than 0.5s. Altogether, 182 separate time-slices result from this selection
process.

Fig. 7 gives the edge electron pressure gradient as determined by the core Thom-
son scattering system in the region r—a = —2cm to r = a as a function of discharge
stored kinetic energy Wiin, also determined by the Thomson system. Despite the
very large range of conditions included, a strong correlation between the edge gradi-
ent and the global stored energy is obtained, with an identical scaling as found in the
previous sections, dp,/dr o« W2 p. This result indicates that as the stored energy
is increased, the edge pressure gradient rises faster than the average gradient of the
discharge. This is apparent in the pressure profile of Fig. 2c, which illustrates for
this H-mode discharge the confinement barrier in the region r —a = —2cm tor = a
in a discharge with relatively high stored energy, Wynp ~ 0.46M J, and relatively
high edge pressure gradient dp./dr ~ —140kPa/m. The pressure gradient near the
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separatrix is larger than the average.

While the data of Fig. 7 was obtained with strictly Ohmic or neutral beam
heating, a limited number of ICRH heated discharges show an identical scaling, but
are not included here. In addition, no clear dependence on discharge density alone
could be detected in the data. These two points argue that the observed scaling for
NBI discharges is not related to changes in the neutral beam deposition profile.

One group of data points appears to stand-out from the general scaling. These
are Ohmic discharges with W < 0.1MJ and low plasma current, I, = 0.6 M A. In
the next section we present the same data using dimensionless quantities, and in
this case these ‘rogue’ points coalesce with the others.

8 Non-Dimensional Relation

Given the large range of currents and fields included in Fig. 7, the relation dp./dr «
W2 yp is perhaps unsatisfying from a dimensional point of view. In Fig. 8 we
normalize the data of Fig. 7 using the critical (electron) pressure gradient 0.5dp/drcrit
from Eqn. 4 and the internal energy stored in the poloidal field, « lilz, where [; is
the internal inductance of the discharge. The horizontal scale is approximately the
poloidal beta, 8. (dp/drei is calculated using the q profile, as determined from a
magnetics code.)

Fig. 8 serves two important purposes. First, since we can’t at present explain the
reason for the dp. /dr o« W? scaling in the primary data, it is important to demon-
strate that normalized quantities also give a reasonable fit to the data. This allows
comparisons with other machines with different sizes, fields, currents and powers.
At the present time, however, it is not clear to us which form of normalization is
most appropriate for this data. The fact that the normalization brings the ‘rogue’
low current Ohmic discharges into agreement with the other discharges is perhaps
some indication that this type of normalization is appropriate. Nevertheless, Fig. 8
is simply one possible means of reducing the data.

Second, Fig. 8 illustrates the continuous increase in edge pressure gradient from
Ohmic discharges, through to L-mode, H-mode with Type III ELMs and finally to
H-mode discharges with Type I ELMs (for convenience, compound ELMs have been
excluded in this analysis). Type I ELMs tend to group together in the vicinity of
the ideal ballooning limit, dp./dr ~ 0.5dp/drerit, at high values of normalized stored
energy. Similar findings have been reported in [1, 17, 18, 19, 20, 21, 22].
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9 Discussion

The primary result of this study is that a robust relation exists in ASDEX Upgrade
between the edge gradients (or edge confinement) and the global confinement. This
is manifest by the simple relation, dp./dr o W2, or in other words, the pressure
gradient at the boundary increases more rapidly than the global pressure gradient (~
W/a). While this is most noticeable in H-mode discharges, where the ‘confinement
barrier’ becomes readily apparent (Fig. 2), it is also true in all other regimes so far
investigated. This includes a large range of currents, fields, densities and radiated
power fractions.

It is important to realize that although we have discussed the experimental
results primarily in terms of pressure, the observations are also consistent with
a strong relation between the edge temperature gradient and global temperature
gradient (i.e. dT./dr o< (T.)?). Our bias has been towards pressure simply because
the limiting gradient at the edge is consistent with ideal ballooning, rather than a
temperature gradient limit.

The fact that the pressure gradient at the boundary appears to depend only
on the total stored energy, and not the cross-field power flowing through the region,
argues against our standard notion of heat flow at the boundary, i.e. Eqns. 1 and
3. Instead, the boundary gradient is simply related to the global gradient, and the
power flowing across the field lines appears irrelevant. This picture, while perhaps
surprising, is consistent with a global picture of transport as suggested by Cordey et
al [4] and Gentle et al [29, 30] and other references there mentioned. The hypothesis
is that the cross-field transport arises due to plasma turbulence which is linked in
the radial direction by the toroidal geometry inherent in tokamaks [31].

Aside from the experimental data presented here, there are now several exper-
imental results which argue for this global picture of cross-field transport. These
include transport studies of the L to H transition, where several tokamaks have
found that the confinement improvement in the core region follows only millisec-
onds after the development of the edge transport barrier, i.e. in a time-scale much
faster than the diffusive time based on equilibrium transport coefficients [4, 32, 33].
Similarly, cold gas puffs [29, 30] and sawtooth heat pulses [34] both propagrate much
faster in the radial direction than equilibrium transport would suggest. Confinement
degradation on the Wendelstein stellarator on the application of ECRH occurs be-
fore changes in local parameters [35]. Transport studies in TFTR [36] and JET
[37] indicate a ‘Bohm-like’ scaling, which only arises when the radial cell size for
fluctuations is independent of the Larmor radius and an appreciable fraction of the
minor radius.

Our results, in which the location of the power sink is varied using neon puffing,
are the compliment of earlier studies on other machines where the radial location
of the power source was varied, with little resulting change in the temperature



profile (see review by Wagner and Stroth [38]). This tendency for the profile shape,
particularly in the plasma periphery, to be independent of heating location is known
as ‘profile consistency’ [39] or more recently, ‘profile resiliency’ [40]. Evidently, the
edge plasma profile just inside the separatrix is similarly resilient. It should be
noted, however, that there are counter examples to profile resiliency, albeit for the

core region, where localized off-axis heating has resulted in profile shape changes
[38, 41].

There is an alternative to the above global model which is also consistent with
the present observations on ASDEX Upgrade and the earlier ones on other machines.
This states that the plasma is marginally stable against transport across most of
the plasma cross-section, resulting in transport coefficients which are highly non-
linearly dependent on the local quantities [38, 42, 43]. For example, if the local x
has a very strong dependence on the local temperature or the temperature gradient,
any attempt to change the temperature profile by either locally heating or locally
cooling would result in little change to the profile anywhere. Further, in such a
scenario, local purturbations should propagate faster in the radial direction than
expected from equilibrium transport coefficients, also as is often observed. Based
on the present observations, we cannot choose between either the global model or
the local model.

The results presented in this paper have focussed on the edge plasma just inside
the separatrix, and not the region outside of the separatrix, i.e. the SOL. Cross-
field transport in the latter determines the parallel power width in the SOL, Ap,
which is a critical parameter for the divertor. While the cross-field power flux is
undoubtedly continuous across the separatrix, this is not necessarily true of the
gradients of density, temperature and pressure. Thus, the pressure gradient scaling
observed here may not be applicable to the SOL. Clearly, detailed studies similar
to the present are required in the SOL. Some have already indicated a link between
Ap and the global confinement [8, 9, 10].

10 Conclusions

We have presented experimental evidence from the ASDEX Upgrade tokamak of a
robust relation between the edge radial pressure gradient and the global confinement
of the plasma. This relation transcends the power flowing across flux surfaces near
the edge and thus suggests that the usual model of cross-field heat flow is not appro-
priate. These results are consistent with data from other tokamaks which suggest
either a global picture of cross-field transport or a local model, where transport is
dependent on local quantities in a highly non-linear fashion.
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Figure Captions

. Poloidal cross-section of ASDEX Upgrade showing the location of boundary
diagnostics used in this study.

2. Profiles of electron density, temperature and pressure in two identical H-mode
discharges (7985, 7994) with I, = 1.0M A,B; = 2.5T, 7. = 8 x 10"®m™2 and
PnBr = 5.0MW . Mapped to the outside mid-plane.

. Psor, scan using varying NBI for two hydrogen discharges (7808, 7810) with
I, =0.8MA and 7, = 5.2 x 10®m 3. Depicted conditions are at r = a — lem.
(a) electron temperature gradient (b) electron pressure gradient (c) derived
cross-field heat conduction coefficient according to Eqn. 1 (d) stored energy.

. Electron temperature profile according to ECE in the boundary for a discharge
(6565) similar to that of Fig. 3, with and without neon radiation in the plasma
periphery. Mapped to the outside mid-plane.

. Psor, scan using varying neon puffing for a hydrogen discharge (6565) with
I, = 0.8MA and 7. = 5.2 x 10"®m~3. Depicted conditions are at r = a —
lem. (a) electron temperature gradient (b) derived cross-field heat conduction
coefficient according to Eqn. 1 (c) stored energy.

. Electron pressure profile from core Thomson scattering for an H-mode dis-
charge (8179) with I, = IMA, B; = 2.5T, Pt = 7.5MW, with and without
neon puffing. Mapped to the outside mid-plane.

. A general relation between the electron pressure gradient at the boundary
(r = a— lem) and the stored energy Win, both from core Thomson scattering.
A large range of discharge conditions is included (see text).

. Reduced data from Fig. 7. The electron pressure gradient is normalized by
half of the critical pressure gradient given by Eqn. 4. The stored energy Wiin
is normalized by the internal energy stored in the poloidal field, o lilz, which
is approximately [3,.
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1. Poloidal cross-section of ASDEX Upgrade showing the location of bound-
ary diagnostics used in this study.
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2. Profiles of electron density, temperature and pressure in two identical
H-mode discharges (7985, 7994) with I, = 1.0MA,B; = 2.5T, 7, =
8 x 10'®m~3 and Pyg; = 5.0MW. Mapped to the outside mid-plane.
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3. Psor scan using varying NBI for two hydrogen discharges (7808, 7810)
with I, = 0.8 M A and 7. = 5.2 x 10'®*m™3. Depicted conditions are at
r = a — lem. (a) electron temperature gradient (b) electron pressure
gradient (c) derived cross-field heat conduction coefficient according to
Eqn. 1 (d) stored energy.
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4. Electron temperature profile according to ECE in the boundary for

a discharge (6563) similar to that of Fig. 3, with and without neon
radiation in the plasma periphery. Mapped to the outside mid-plane.
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5. Psoy scan using varying neon puffing for a hydrogen discharge (6565)
with I, = 0.8M A and 7. = 5.2 x 10®m™3. Depicted conditions are at
r =a — lem. (a) electron temperature gradient (b) derived cross-field
heat conduction coefficient according to Eqn. 1 (c) stored energy.
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6. Electron pressure profile from core Thomson scattering for an H-mode
discharge (8179) with I, =1MA, B, = 2.5T, Pyt = 1.5MW, with and
without neon puffing. Mapped to the outside mid-plane.
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7. A general relation between the electron pressure gradient at the bound-
ary (r = a—1lcm) and the stored energy Wiin, both from core Thomson
scattering. A large range of discharge conditions is included (see text).
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8. Reduced data from Fig. 7. The electron pressure gradient is normalized
by half of the critical pressure gradient given by Eqn. 4. The stored
energy Wi, is normalized by the internal energy stored in the poloidal
field, o [;I2, which is approximately f,.
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