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Experimental evidence is presented from the ASDEX Upgrafl€ally Symmetric Divertor
Experiment tokamak [Plasma Physics and Controlled Nuclear Fusion Research 1993
(International Atomic Energy Agency, Vienna, 199%ol. |, p. 127] 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 transport, where local gradients increase with increasing local power flow, is not
appropriate. ©1997 American Ingtitute of Physics. [S1070-664X97)02907-§

I. INTRODUCTION We start first in Sec. Il with a brief description of AS-
DEX Upgrade and the boundary diagnostics used in this
Cross-field transport at the plasma edge plays a criticagtudy. In Sec. Ill, for reference, we give a commonly used
role for many aspects of tokamak plasma operation. First, thfbrmulation for diffusive cross-field heat flow and in Sec. IV
achievement of H-modéhigh-confinementis thought to be  show a consistent experimental example, where gradients at
intimately connected to the plasma conditions only centimethe edge increase approximately in proportion to the cross-
tres inside of the separatrixThe improved confinement, as- field power flow. In Sec. V we give a contrary example for
sociated with H-mode, is most noticeable within this narrowsimilar plasma conditions, where the gradients at the edge
region, where a “transport barrier” develops and which isare independent of the power flow. In Sec. VI we suggest a
characterized by steep radial gradients of plasma densityesolution to this apparent contradiction, based on a linkage
temperature and pressure. The improvement in confinemerttetween edge confinement and global confinement. In Sec.
however, is not limited to the edge region, but clearly ex-VIl we expand the data base to demonstrate that this linkage
tends throughout the entire plasma volutn&This is one is a general feature of discharges in ASDEX Upgrade. In
indication that edge confinement is related to global confineSec. VIII we suggest a non-dimensional scaling so that these
ment. results might be compared to other machines. Finally, in
Second, the cross-field transport properties of the plasm8ecs. 1X and X we discuss the results and conclude.
edge control the width of the scrape-off lay&OL) (along
with paralle_l transport ratgs and most importantly, the Il. EXPERIMENTAL DETAILS
powere-folding width, A, for the parallel flow of power to
limiters or divertor plates® For a given plasma heating The ASDEX Upgrade tokamakAUG), Fig. 1, is a
power, A\p determines the power density incident on me-single-null divertor machine, with graphite as the primary
chanical structures, or alternatively, the radiation density refirst-wall material and neutral beam injectioNBI) heating
quired in dissipative scenarios, such as those presently envigP to Pygi~10 MW" The plasma boundary is extensively
aged for ITER(International Thermonuclear Experimental diagnosed. Specifically, in this paper we use high resolution
Reactoy.” While it is clear from experiment thatp is re-  electron cyclotron emissiofECE) for T, profiles;? a lithium
duced in H-mode discharg8s'® little else is known at beam fom,® and core and edge Thomson scattering for both
present about how cross-field transport in the edge is relateds andT, profiles: In the case of the core Thomson system,
to the global parameters of the plasma. Even empirical scaplthough the distance between channels is relatively large,
ings are presently scarce. ~2 cm, the measurement has high spatial accuracy near the
In this paper we will show experimental evidence from Poundary owing to the expanded flux surfaces at the point of
the ASDEX Upgrade(Axially Symmetric Divertor Experi- measurement, Fig. 1.
men) tokamak which demonstrates a strong relation between ~Figure 2 gives typical profiles of electron density, tem-
the transport properties of the plasma edge and the glob&erature and pressure from two iﬁntical H-mode discharges
confinement. This not only includes H-modes discharges, buvith 1,=1.0 MA, B;=25 T, n,=8x10" m3 and
discharges of many types in ASDEX Upgrade. We focusPyg=5.0 MW. Two discharges are required to obtain both
here on the region just inside of the separatrix, in the concore and edge Thomson measurements, as the same measur-
fined plasma, which in H-mode discharges is referred to a#g optics are used, requiring a horizontal shift of the system
the “transport barrier” or as the “pedestal” region. between discharges. All measurements are mapped to the
outside midplane with an absolute accuracy=df cm, and a

dAlso at MIT Plasma Science and Fusion Center, Cambridge, Massachur—elatlve accuracy ob~1 mm. Figure 2a includes denSIty

setts 02139. Electronic mail: csp@pfc.mit.edu measurements from the core and edge Thomson systems and
YAlso at Columbia University, New York, New York 10027. the lithium beam. Figure 2b givéls, measurements from the
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lll. CROSS-FIELD TRANSPORT OF POWER

In the absence of ELM&dge localized mode¢®r neu-
tral 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 conduc-
tion equation,

\.
v

.

dT

PsoL= —ApNex. ar’ (]

A

wherePgq, is the power entering the SOl, is the anoma-
lous cross-field heat conduction coefficigiins+electrons,
x.=x:+x.) and A, is the plasma surface areén this
study we do not measurg, and so we simply assume that
T;=T.=T.) According to Eq.(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
FIG. 1. Poloidal cross-section of ASDEX Upgrade showing the location of ;
; _ o equation,
boundary diagnostics used in this study.

-

5 dn
PsoL=—Ap D, dr

two Thomson systems. Figure 2c gives the electron pressure

p. profile derived from the two Thomson systems. In gen-Where D, is the cross-field diffusion coefficientions

eral, good agreement, is obtained between the various diag-electronsD, =D +D'). If we make the simplifying as-

nostics, allowing for the<1 cm absolute positional uncer- sumption thatD, = 2X¢/5, then we arrive at a convenient

tainty. One exception is the separatrix density as obtaineg@duation in terms of electron pressyrg,

with the core Thomson system, which is approximately a dpe

factor of 2 higher than the edge Thomson and the lithium  Pgg = —Ap)ﬂd—r. 3

beam, although good agreement with the edge Thomson is

obtained in the case of.. This discrepancy is ascribed to Another approach is to simply use E®) as an alterna-

the difficulty of maintaining the absolute calibration of the tive to Eq. (1) for the definition ofy, . In any case, the

Thomson scattering system when shifting the laser beam, thgradients, either of temperature or of pressure, should in-

collection optics and the detection system between the edggease as the cross-field power flow incredgeg, is fixed).

and core measuring locations. It should be noted that we have neglected cross-field power

carried by charge-exchange neutrals. This will be a reason-

able assumption in cases where neutral particle sources in the

confined plasma are smdlle., Eqg.(1)], but less certain in

eXL d (2)

Ne=8x10°m

D 1 T T T T T T .
£ n ] the presence of neutral sources/convecfian, Eq.(3)].
8° ) A | From an experimental point of view, one can use Egs.
- Thomson T lithium (1) or (3) along with imental ts to deri
L core Gk i s g with experimental measurements to derive
e L edge R . empirical y, values. We attempt to do this in the next two
0 Lt 1 i N sections by varyingPgo, by two very different methods in
- ' ' otherwise similar hydrogen discharged ;0.8 MA,
400 B N — 9..-3
= i ] Ne=>5.2x10* m™3).
200 - -
o L ] IV. VARYING Pgo. USING NBI
© 8 [ . In the first experimentdischarges 7808/7810Fig. 3,
o N C] PsoL is increased over the Ohmic value using NBI which,
2 4 C ] according to Egs(1) and (3), increases the radial tempera-
e - = ture (Fig. 33 and pressuréFig. 3b gradients as determined
oL - with the core Thomson systemiat=a—1 cm. The increase
-8 -4 0 4 in the gradients is nearly linear at low valuesiRdo, . The
r-a (cm) density profile from Thomson scattering and lithium beam in

3 andPyg =
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the boundary shows no dependenceRap, within this data

FIG. 2. Profiles of electron density, temperature and pressure in two iderS€t: PsoL IS determined here usingso.= Piot—Pradxa
tical H-mode d|scharge:{7985 7994 with 1,=1.0 MA, B;=
5.0 MW. Mapped to the outside mid- plane

whereP, is the total input power anB,qx, is the radiated
power above th&-point based on bolometer measurements.

Pitcher et al.
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The conditions given in Fig. 3 and at other points in the
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paper are time-averaged. While the meaning of this may be
FIG. 3. Pgo, scan using varying NBI for two hydrogen dischard@808, clear in thic and _L'mOde d_iS(_:harge_s' in t_he case _Of
7810 with 1,=0.8 MA, B,=2.0 T andn,=5.2x 10 m 3. Depicted con- H-mode discharges with ELMs, it is not immediately obvi-
ditions are atr=a—1 cm. (a) Electron temperature gradiertb) Electron ~ 0OUS wWhat the relation is between the time-averaged gradients
pressure gradientc) Derived cross-field heat conduction coefficient accord- and the gradient that initiates a Compound or Type | ELM.
ing to Eq.(1). (d) Stored energy. Time-resolved measurements on ASDEX Upgréutat pre-
sented hefeusing ECE and lithium beatfr*®and Thomson
scattering? show that the limiting pressure gradient is within
These discharges had relatively low levels of radiated powef=20% of the time-averaged value. Similar findings have
fraction, i.e., ~30%. While this method of determining been reported on DIIl-B? Considering other uncertainties in
PsoL is not ideal(e.g., the SOL cannot be resolyed is the ~ these measurements and the approximations inherent in Eq.
best that can be presently obtained given the limited spatidf). this difference is negligible.
resolution of the bolometers on ASDEX Upgrade. The data
of Figs. 3a and 3b imply an approximately constant value foV+ VARYING Pso USING NEON RADIATION

x. [using Eq.(1)], Fig. 3c. In the second experimeridischarge 6565, L-modéhe
One should note that these data include Ohmic, L-modeyg| power was maintained constant Rfg,=3 MW while
(low confinementand H-mode discharges, with the H-mode the |evel of radiation in the periphery of the confined plasma
discharges exhibiting Type Ill and Compound ELMs. Als0, was varied with neon gas injection. Fig. 4 shows the radial
the pressure gradient, although rising in a linear fashion forr_ profiles obtained with ECE in this discharge at two times,
most of the data set appears to saturate at the appea_rancecgfrespondmg to low neon levePgo, ~1.8 MW) and high
Compound ELMgbut not Type Ill ELM9, at a value which  neon level Pgo ~0.8 MW). Although the resolution of the
is approximately consistent with the ideal ballooning limit hglometer system on ASDEX-Upgrade, which+s5 cm,

given by, cannot resolve the SOL, it can identify the neon radiation
) mantle in the periphery of the confined plasma. This encom-
d_p _ Bir d_q (4) ~Passes the volume betweewa—15 cm tor~a, similar to
dr| . “moRog® dr that seen earlier in ASDEX Upgraté* and DIII-D.2°

The two T, profiles in Fig. 4 are similar, particularly
for simplified geometry(large aspect ratio and circular flux with respect to the gradients. Closer inspection reveals that
surfaces’® In this expressionp is the total pressuréion  the high neon plasma boundary is generally colder close to
+electron, q is the safety factor anR, is the major radius. the separatrix, e.g., the nominal separatrix temperature is
The critical electron pressure gradient at this radial location=108 eV in the high neon discharge, compared with27
is calculated(assumingp.= p/2) from magnetic data to be eV in the low neon discharge. This difference, i=20 eV,
dpe/dr i~ —100kPa/m, which is roughly a factor ef2 is easily resolved by the ECE system, which has a resolution
higher than the limit observed in Fig. 3b. Given the experi-<1 eV, and is consistent with the factor sf2.3 difference
mental errowhich is estimated to be-40%), and the error in Pgg, for the two times, assuming that the cross-field
associated with the above simplified expression, theower is exhausted along field lines to the divertor according
observed pressure gradient limit is consistent. Similar conto Spitzer-Ham parallel conductivity’® Recent studies using
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PsoL (MW) haviour,dpe/dr o Pgg, , implyingdpe/dr o Wf,,HD . The be-
haviour in the neon experiment is not inconsistent in that the
FIG. 5. Pso. scan using varying neon puffing for a hydrogen dischargetemperaturgand pressupegradient remains constant while
(6565 with 1,=0.8 MA, B;=2.5 T andn.=5.2x10'*m~°. Depicted con-  the global stored energy remains constant. In this case, while
ditions are ar =a—1 cm. (a) Electron temperature gradienib) Derived oo radiation greatly increases the radiation losses from the
cross-field heat conduction coefficient according to #g. (c) Stored en- . . oo .
ergy. discharge, these losses are primarily in the plasma periphery,
and thus have little effect on global confinement. It is, nev-
ertheless, surprising that the edge gradients do not change
infra-red thermography at the divertor plates in ASDEX Up-despite a large variation of radiative loss in the region and
grade have shown that the mid-plane separatrix temperatutge significant change in cross-field plasma power flow.
is consistent with Spitzer-Hen conductivity over a wide In Fig. 6 we present another example of the effect of
range of conditions, i.e., parallel power densityT /2522 neon, this time in a CDH-mode dischafgavith Type III
The absolute position of the separatrix is not known toELMs (shot 8179) ,=1 MA, B{=2.5 T, Pi;=7.5 MW). In
better than+1 cm, and thus the above quoted temperatureghis case electron pressure profiles from core Thomson scat-
have considerable absolute uncertainty associated with therigring are given. Without neorRgo ~4.2 MW, compared
although the relative error is expected to be quite small, givwith Pso ~1.6 MW with neon. The corresponding stored
ing a relatively small error in the determination of the slope.energies aréNy,p=0.6 MJ andWyp=0.7 MJ, respec-
The slope is used along with E€}) to derivey, . Although tively, i.e., somewhat higher for the case with neon. This is
not shown, the corresponding density profiles from the Thapparent in the figure, where the case with neon has slightly
omson scattering systems and the lithium beam are indistiftigher electron pressure, although the gradients near the
guishable for the two times. boundary are similar. Despite the facter2.6 lower value
Figure 5 summarizes the results of this experiment, fofor Pso., the case with neon shows a similar radial pressure
comparison with Fig. 3, wherBso, was varied using NBI.  gradient.
No change in the radial temperature gradientati—1 cm
(Fig. 53 is measured, implying in this case that < Pso.  viI. GENERAL RELATION TO GLOBAL CONFINEMENT
(Fig. 5b), in contrast to the previous experiment where

was nearly independent @#so, for similar plasma condi- The results of the previous section suggest a connection
tions. 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 0.6 MA<I <12 MA, 15 T<B<3.0 T,

The results of Figs. 3 and 5, while apparently contradic2x 10'° m 3<n<1.2x10%°° m™3, 0.2 MW<Pgy <6.0
tory, are consistent with the hypothesis that the edge gradMW, hydrogen/deuterium, fresh/old boronizations, impurity
ent, or effectively, the edge confinement, is correlated withgas puffing and 02 Pgp, /P;:<0.9 — basically all diag-
the global confinement. This is demonstrated by Figs. 3d andosed and stable discharges between shot 7730 and shot
5c, which give the global stored eneryyyp for the two 8235, performed in the spring of 1996. Only steady state
experiments. In the case of the first experiment, Fig. 3, theonditions were used, which is defined as having constant
NBI power scan, the stored energy increases approximatelyonditions over periods of greater than 0.5 s. Altogether, 182
asWyp = P23 = P2 (the radiated power fraction is con- separate time-slices result from this selection process.
stan} as expected for L-mode and H-mode confinement and, Figure 7 gives the edge electron pressure gradient as
one notes, qualitatively similar to the pressure gradient bedetermined by the core Thomson scattering system in the

VI. RELATION TO GLOBAL CONFINEMENT
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FIG. 7. A general relation between the electron pressure gradient at the _ o
boundary ¢=a—1 cm) and the stored energy,;, , both from core Thom-  FIG. 8. Reduced data from Fig. 7. The electron pressure gradient is normal-

son scattering. A large range of discharge conditions is inclided the  ized by half of the critical pressure gradient given by E4). The stored
text. energyW,;, is normalized by the internal energy stored in the poloidal field,

2
Wpolmlilp'

regionr—a=—2 cm tor=a as a function of discharge
stored kinetic energW,,, also determined by the Thomson
system(we assumd;=T,). (W, is used here rather than

\éVrr\]/al ' d§|n(k:1e the ]atﬁerd 'Z }natlﬁpu(rjatte ggetheft Iot\;]v current Figure 8 serves two important purposes. First, since we
mic discharges included in this data Spite € VETY  can't at present explain the reason for thg /dr o« W? scal-

large range of conditions included, a strong correlation being in the primary data, it is important to demonstrate that

tvv_een the_ edge _grad|_ent and _the global stor_ed ENErgy 1S Oy malized guantities also give a reasonable fit to the data.
tained, with an identical scaling as found in the previou

SThis allows comparisons with other machines with different
sizes, fields, currents and powers. At the present time, how-
@/rer, it is not clear to us which form of normalization is most
prropriate for this data. The fact that the normalization
brings the ‘“rogue” low current Ohmic discharges into
r<lstgreement with the other discharges is perhaps some indica-
tion that this type of normalization is appropriate. Neverthe-
less, 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 Ill ELMs and finally to H-mode

tance of the discharge. The horizontal scale is approximately
the poloidal betag,, (dp/dr . is calculated using the q pro-
file, as determined from a magnetics cpde

than the average gradient of the discharge. This is appare
in the pressure profile of Fig. 2c, which illustrates for this
H-mode discharge the confinement barrier in the regio
r—a=—2 cm tor=a in a discharge with relatively high
stored energyWy.p~0.46 MJ, and relatively high edge
pressure gradierdp,/dr~ —140 kPa/m. The pressure gra-
dient near the separatrix is larger than the average.

While the data of Fig. 7 was obtained with strictly
Ohmic or neutral beam heating, a limited nhumber of ICRH

heated discharges show an identical scaling, but are not irHischarges with Type | ELMgfor convenience, Compound

cluded here. In addition, no clear dependence on dischargcé,\l_,vIS have been excluded in this analysiype | ELMs

density alone could be detected in the data. These two poin . s . .
argue that the observed scaling for NBI discharges is n End to group together in the vicinity of the ideal ballooning

. " ) oﬁmit, dpe/dr=~0.5dp/dr;, at high values of normalized

related to changes in the peutral beam deposition profile. stored energy. Similar findings have been reported in Refs. 1
One group of data points appears to stand-out from th

ST e .and 16-21.
general scaling in Fig. 7. These are Ohmic discharges with
W<0.1 MJ and low plasma currert,=0.6 MA. In the next
section we present the same data using dimensionless qudd- DISCUSSION
tities, and in this case these “rogue” points coalesce with the

The primary result of this study is that a robust relation
others.

exists in ASDEX Upgrade between the edge gradi€ats

edge confinemehtind the global confinement. This is mani-

fest by the simple relatiorjp,/dr o W2, or in other words,

the pressure gradient at the boundary increases more rapidly
Given the large range of currents and fields included irthan the global pressure gradient\\W/a). While this is

Fig. 7, the relatiordp./dr « Wf,,HD is perhaps unsatisfying most noticeable in H-mode discharges, where the “confine-

from a dimensional point of view. In Fig. 8 we normalize the ment barrier” becomes readily appareffig. 2), it is also

data of Fig. 7 using the criticaklectron pressure gradient true in all other regimes so far investigated. This includes a

0.5dp/dr;; from Eg. (4) and the internal energy stored in large range of currents, fields, densities and radiated power

the poloidal field W, = Iilfj, wherel; is the internal induc- fractions.

VIIl. NON-DIMENSIONAL RELATION
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It is important to realize that although we have discussedtrong dependence on the local temperature or the tempera-
the experimental results primarily in terms of pressure, thdure gradient, any attempt to change the temperature profile
observations are also consistent with a strong relation bedy either locally heating or locally cooling would result in
tween the edge temperature gradient and global temperatulitle change to the profile anywhere. Further, in such a sce-
gradient(i.e., dT./dr = (T.)?). Our bias has been towards nario, local purturbations should propagate faster in the ra-
pressure simply because the limiting gradient at the edge idial direction than expected from equilibrium transport coef-
consistent with ideal ballooning, rather than a temperaturdicients, also as is often observed. Based on the present
gradient limit. observations, we cannot choose between either the global

The fact that the pressure gradient at the boundary apnodel or the local model.
pears to depend only on the total stored energy, and not the The results presented in this paper have focussed on the
cross-field power flowing through the region, argues againsedge plasma just inside the separatrix, and not the region
our standard notion of heat flow at the boundary, i.e., Eqsoutside of the separatrix, i.e., the SOL. Cross-field transport
(1) and(3). Instead, the boundary gradient is simply relatedin the latter determines the parallel power width in the SOL,
to the global gradient, and the power flowing across the field\p , Which is a critical parameter for the divertor. While the
lines appears irrelevant. This picture, while perhaps surpriscross-field power flux is undoubtedly continuous across the
ing, is consistent with a global picture of transport as sug-sSeparatrix, this is not necessarily true of the gradients of
gested by Cordegt al.* and Gentleet al.2®?° and other ref- ~ density, temperature and pressure. Thus, the pressure gradi-
erences there mentioned. The hypothesis is that the crosent scaling observed here may not be applicable to the SOL.
field transport arises due to plasma turbulence which i§learly, detailed studies similar to the present are required in
linked in the radial direction by the toroidal geometry inher-the SOL. Some have already indicated a link betwegand
ent in tokamaks? the global confinemerit1°

Aside from the experimental data presented here, there
are now several experimental results which argue for this. CONCLUSIONS

global picture of cross-field transport. These include trans- We have presented experimental evidence from the AS-

port studies of the L to H t.ransition,. where severql tokamak%EX Upgrade tokamak of a robust relation between the edge
haye found that the clo.nflnement improvement in the CO%adial pressure gradient and the global confinement of the
region follows only m|II|_secpnds_ after_ the development of plasma. This relation transcends the power flowing across
the edge transport barrier, i.e., in a time-scale much faSteHux surfaces near the edge and thus suggests that the usual

than the diffusive time based on ggsuz'gb”“m transport el of cross-field heat transport, where local gradients in-
coefficients. ™ Similarly, cold gas pu and sawtooth  crease with increasing local power flow, is not appropriate.

heat pulse¥ both propagrate much faster in the radial direC-rpege resylts are consistent with data from other tokamaks
tion than equilibrium transport would suggest. Confinement, hich suggest either a global picture of cross-field transport

degradation on the Wendelstein _stellarator on the applicatiog, 4 |gcal model, where transport is dependent on local quan-

of ECRH_occ_urs before changes in I(_)cal parametefsans- tities in a highly non-linear fashion.

port studies in L-mode discharges in TFTRokamak Fu-

sion Test Reactdt® and JET(Joint European Tor0# indi-

cate a “Bohm-like” scaling, which only arises when the

radial cell size for fluctuations is independent of the Larmor ~ C. S. Pitcher is thankful for personal support during this
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