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ABSTRACT

In current large tokamaks non-intrinsic seeded impurities have been used to produce divertor
power loads which would be considered acceptable when extrapolated to ITER. Many devices
have achieved the goal of high fractional radiated powers, small frequent ELMs and detachment
which are characteristic of radiative H-mode regimes. However, it has been a matter of concern
that the Z¢ associated with the seeded impurities may exceed that allowable in ITER and also
that the degradation in energy confinement may be unacceptable. Confidence can only be built
in the prediction of these parameters in ITER if reliable scalings are available for impurity
content and energy confinement which have a sound physics basis. This paper describes work at
JET in this area whilst using multi-machine data to characterise the size scaling and provide a
context for the JET data. Predicted levels for the impurity content of seeded ITER plasmas
appear to be of marginal acceptability. The situation with regard to confinement is less clear.
Dimensionless parameter scaling experiments have been conducted iBwdgigHiractional
radiated power and.£are held constant for a rangepef The scaling of global energy confine-

ment derived from these radiative discharges appears to be Bohm-like. However, local transport
analysis of JET pulses using the TRANSP code suggests that the effective thermal diffusivity of
the core retains its gyro-Bohm like scaling.

1. INTRODUCTION

Radiative plasmas which are partially detached from the divertor target plates are considered by
the ITER design team to be the preferred solution to the problems of reducing the peak power
and erosion of divertor components to acceptable levalsegchitg In current limiter and
divertor experiments, non-intrinsic impurities have been used to increase the radiated power
fraction to levels considered appropriate FBER [Allen, Itami, Lipschultz, Matthews95b,
Neuhauser, Samjrand have achieved partial or complete detachnMaitthews95h The most
critical parameters for the ITER operating point are indicated in taBng$chitz, Putvingki

The JET Mark IlA divertor was installed in 1996. Since that time experiments have been
performed to characterise the performance of this more closed geometry as compared with its
predecessor the Mark | divertdigrton, Stork, Vlases96as shown in figure 1.0.1. The Mark
lIA divertor has been operated both with significant leakage paths for neutrals from the divertor
pumping plenum to the main chamber and with these leaks reduced by a factor of three(“plugged”:
Mark 1IAP) [Altmanr]. There has thus been a progression from the original very shallow and
open JET divertor configuration (Mark 0) which was used until 198&E$, to the deeper but
still very open Mark I, and then to the more closed and ITER relevant Mark IIA and Mark 11AP.
In this paper we concentrate on plasmas with impurities deliberately added (“seeding”) to in-
crease the radiated power. A companion pagdertpn| discusses operation without seeding,



while a third paper in this series explores the behaviour of intrinsic impurities in the various JET
divertor geometrieslcCracken9§

Parameter ITER requirement

P/ P >1

H1er.s0R-B0m) 2.6 ignition (>1.8 driven)
H i rerH03 p-Gyro-Bohm) 0.85 ignition(>0.68 driven)
B 2.25

Jos 31

NdNeGreermaid Limit) 11

Zg <1.8 (1.6 excluding He)
frad = Prad (Preat=Pirems) 75%

Target material C (W tiles on baffle)
Divertor regime Partially detached (with small ELMS)
Divertor geometry Closed/ vertical target

Table 1: Key ITER reference parameters

\
Target plates ==

Figure 1.0.1 Poloidal cross sectional view of the JET Mark | (left) and Mark IIA(right) divertors.

Figure 1.0.2 shows a typical example of a radiative discharge in the Mk | divertor phase of
JET (pulse #33204). This pulse shows the characteristic signatures of detachment when the
radiated power fraction increases from 70 to 80%. In Mk | strike point sweeping at a frequency
of 4Hz was used to increase the target wetted area. As a result the peaks seen in the ion saturation
current in figure 1.0.2 represent complete profiles across each strike zone. The peak divertor
ion-saturation current rolls over and reaches a level below that of the ohmic phase. Expanded



views of ion current show the underlying . Pulse No: 33204
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Figure 1.0.2 Typical radiative discharge in JET exhibit-
ing partial detachment at outer and inner strike zones
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1.1 Impurity content

In the example shown in figure 1.0.1 the impurity content (equivalei#@.5) is well above
the ITER reference value which, excluding the contribution from helium&&i=0.2), is:
Z,, <16 [Janeschitz However, in radiative regimes where the radiated power fraction is be-

ing controlled Z is not a free parameter since sufficient impurity must be injected to achieve
the desired level of radiative losses. What is critical for the viability of this regime is the radiative
efficiency or more specifically the relationship betw&gpand the total radiated power,q ,

plasma surface area, S, line averaged den;itﬁnd atomic numbe£ of the seed impurity.
Multi-machine scaling of experimental data and data from code simulations has shown a re-
markably simple and robust relationship between these paranisgtsdws(1997)which in

its approximate but most convenient form is:

Zy =147,/ (Sne) (1.1.1)

wherep isin MW, Sin n andn. in units of 168°m™. Similar behaviour is also observed for
intrinsic impurities McCracken98
Using ITER parameters this expression predidg;ér ITER which is not too far above

3



the required value and certainly within the scatter of the data. Closed divertors were originally
intended to allow high radiated powers within the divertor in conjunction with low core impu-
rity levels. Recent data from the more closed JET Mark Il1A and Mark IIAP divertor campaigns
does not support this idea and is discussed in section 2.4

1.2 Energy confinement

Scaling laws are commonly used to compare the energy confinement in current machines and
extrapolate to ITER but none has yet been created which is specific to the radiative regime
planned for ITER. In this paper two scaling laws are quoted. The first is the ITERL89-P L-mode
scaling which was developed for L-mod&sighmanadv With 100MW of additional heating,

ITER can achieve its nominal fusion powerdif, = 7, /75" >18 (2.6 for ignition) Putvinsk].
A more recent scaling law is ITERH93-P which applies to ELM free H-md@E&]. This has
the form:

Tgft];:[—free - T?;H - 0.036m0.41]p1»06R1.9a 0.1 lK 0.66ﬁe0»1 7B 032P—O.67 (113)

where m[amu] is the mass of the plasma iofis1A] is the plasma current, R[m] is the major
radius, a[m] the minor radiug, is the elongatiorsz, [x10°m”] is the line averaged density,
B[T] the magnetic field on axis and P[MW] the total heating power. On this H-mode scaling,

ITER can achieve the nominal fusion power ffy,, =7, /7,* >068 ( 0.85 for ignition)
[Putvinsk]. In the example of figure 1.0.2 theHactor reaches 0.68 which is marginal whilst

Hgo Only reaches 1.5 which is below the ITER requirement. In extrapolating to ITER it is there-
fore critical to know which energy confinement scaling best describes these highly radiating
plasmas. Although most radiative H-modes meet the minimum ITER requirements on the
ITERH93-P scaling, no satisfactory JET points exist itk >1.8 due to the less favourable
ITER89P L-mode scaling.

In this paper the ITERH93-P scaling is quoted rather than the more recent ELMy H-mode
scaling ITERH-EPS97(YYJordey] since this is consistent with the existing publications which
form part of this review. The difference between these two scalings is also rather small although
ITERH-EPS97(Y) is slightly more favourable for ITER.

The dimensionless parameter or “wind-tunnel” approach to energy confinement scaling
studies has put the empirical method of predicting the energy confinement in ITER on a sounder
physical basis. Since the plasma geometry (shape, safety fagtoompidal beta[§ [ nT/Bz)
and collisionality ¢. [ nZeﬁL/Tz) required by ITER can be achieved in current machines the
standard approach used for type | ELMy H-modegsrfley} is to keep these 5 dimensionless
parameters fixed and scale the confinement with normalised ion gyro-radiud (('5/BL). To
perform these. scaling experiments in JET the toroidal field was varied in the range 1-2.6T.
Collisionality can be kept constant by varyirEng”3 which is achievable. This work has shown



that type | ELMy H-modes have Gyro-Bohm type scaling for which
Btz o0 -~ (ITERH93-P: By Opa2vi®?31?) as opposed to the less favourable Bohm like
transport for which B: [ p*'2(~ ITERL89-P). In section 3 the constraints on applying this
dimensionless scaling approach to radiative discharges are discussed together with JET experi-
ments in which this methodology has been applied. The results of this global approach are
compared with local transport analysis (section 3.4) and finally with a more general global
scaling which considers the effect of ELMs in degrading the edge pedestal (section 4).

1.3 Density Limit

Another critical issue for ITER is the operating density which must be achieved if the required
fusion power and sufficiently clean radiating plasmas are to be achieved. The Greenwald den-
sity limit [Greenwaldis a purely empirical formula which was originally developed for L-mode
limiter discharges. The expression for the Greenwald density limit is very simple:

M, =10"1 /(mu*) [Sl units] (1.3.1)

Although the expression for the Greenwald Limit is dimensionally incorrect it is com-
monly used. In the example pulse shown in figure 1 the line averaged density reaches 75% of the
Greenwald value which is typical for JET in both unseeded ELMy H-modes and radiative dis-
charges. ITER would like to operate at 13 ;, [Putvinsk] which is well above the typical

value in current devices. This requirement is mainly driven by the fact that near the ITER oper-
ating point the fusion power depends on the square of the density. Equation (1.1.1) also suggests
that high density is required if clean radiating plasmas are to be obtained. However, in an ignited
regime, where the power which has to be radiated is proportional to the fusion power, the den-
sity dependence will tend to cancel out.

2 IMPURITIES, RADIATION AND THE EFFECTS OF DIVERTOR GEOMETRY
2.1 Power balance

Seeded highly radiating plasmas are of interest to any next step tokamak reactor because target
power loads must be compatible with the thermal limits imposed by the divertor target tile
design. Limitations in the JET infra-red camera system used in these experiments at high densi-
ties [Clement coupled with the relatively low surface power deposition in radiative discharges
has meant that the surface power deposition could not be directly measured. However, in the Mk

| divertor, sweeping of the inner and outer strike points across the arrays of triple probes was
effective in producing complete profiles which were not strongly perturbed by the sweeping
process provided the strike zones were not close to the divertor chtoeks[These profiles of

divertor ion flux and electron temperature can be used to calculate the power balance which can



be compared with the global balance. Asimple Global power balance
sheath model is used in which the parallel s- i —— Inner deposited

S Outer deposited
power density seen by the probesyBVm —— Recombination power
= 3 (7.8To + E) Whered,JAM?] is the i - Total deposited
probe ion saturation current density, the fact(i'é ;lf
7.8is the sheath power transmission factor ag 5 :
sumingT; = TJ[eV] andE.=13.6eVis there- & 4 '
combination energy for each deuteron neutral-

Neutral
losses

ised at the target surface. An example of this ’;‘y h
analysis is shown in figure 2.1.1 and relates to :
pulse 33204 whose time history has already 1
been described in figure 1.0.1. This shows good ©
power balance up to the time of 15.5s after Time (s)

which time the discharge begins to beconmm®gure 2.1.1 Comparison of the power deposited on the

detached (see next section). MKkl divertor target for pulse 33204 (see figure 1.0.1) as
aerived from the Langmuir probes and the global power

bhalance (main chamber bolometer system). Recombi-

in the discharge appears to arise because t . -
9 PP naﬁon power is the contribution to the target power from

radiated power is calculated using the maiR:ombination of deuterons which strike the target sur-
chamber bolometer system. This diagnostic isce.

screened from any neutral losses localised in

the divertor by the core plasmBdichle(1997)and so is a measure of the electromagnetic
losses alone. The probes on the other hand will be sensitive to the total charged particle power
loss. An estimate of the neutral particle contribution to the power losses can also be made from
a comparison of intersecting main chamber and divertor bolometer chaReiels|¢ (1997)
[Ingessoh However, the absolute value of the neutral losses determined from the bolometer
analysis is uncertain and so has been normalised to the probe data. A comparison between the
neutral power losses implied by the probe data with that derived from the bolometer systems is
shown in figure 2.1.2 and shows the same trend with the degree of detachment. Problems can
sometimes arise with electron temperatures derived from probe data under detached conditions
due to the effects of plasma resistivisj]dnk. However, all the known complicating factors in

probe interpretation tend to increase the measured electron temperature and hence the calculated
power above the true value, so the neutral power loss calculated from the probe data can be
regarded as a lower limit.

When the total fractional power loss is calculated included both the electromagnetic plus
neutral losses it reachéB0% as shown in figure 2.1.3. This is more consistent with the frac-
tional radiated powers reported for the CDH mode in ASDEX-Upgitadiehbach. There is
also evidence from the divertor bolometer systems that the neutral losses have increased as the
JET divertors have become more clogagesson] This would be consistent with the observa-

JG97.373/1c

The discrepancy in the target power lat



tion that the limit in the achievable electromagnetic radiated power fraction in seeded discharges
has fallen in going from MkI{B0%) to MKlla(165%) and Mkllapl(l560%).
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Figure 2.1.2 Estimates of the neutral power losses in tliégure 2.1.3 Radiated power fraction for pulse 33204 in-
divertor for pulse 33204 derived from: 1) the differencesluding and excluding the estimated neutral losses in the
between the Langmuir probe derived power and the gldivertor.

bal power balance and 2) from the discrepancy between

divertor and main chamber bolometer chords plotted as a

function of the degree of detachment (defined in section

2.3).

Power balance calculations from the target Langmuir probe data in Mklla and Mkllap
appear less satisfactory than in MKl partly because the narrower divertor did not allow sufficient
sweeping to completely cover the profile. However, if we use the attached ohmic phase to pro-
vide normalisation of the power balance then we find that just before the radiative limit when
the electromagnetic losses have reached 65%, only 10% of the input power can be accounted for
by the target probes suggesting a similar total radiative fraction to that seen in¥a)(

2.2 Distribution of the radiative losses

In ITER it is planned that there will be 300MW of alpha heating plus auxiliary heating 2100MW
of which will be radiated from the core by Bremstrahlung. Of the remaining 200MW arriving at
the plasma edge, 50MW are to be radiated in a plasma mantle inside the separatrix, 100MW wiill
be radiated or lost due to neutral interactions in the divertor or SOL leaving 50MW to be depos-
ited on the divertor targetineschitg This is one of the main reasons for large fraction of the
ITER machine volume currently dedicated to the divertor. In the JET Mkl divertor detachment
and large radiated power fractions are associated with the migration of the radiating region to
the X-point Reichle(1999) The more closed JET Mklla divertor has not shown any change in



this picture although an increase in the number of divertor bolometer channels has meant that
tomographic reconstructions are more predisgdssoh Figure 2.2.1 shows tomographic re-
constructions for four time slices from a Mklla pulsg.{P12MW, |,=2.5MA, B=2.5T) with
deuterium fuelling (1.810%%electrons §) and nitrogen seeding Xx30%electrons §). Electro-
magnetic radiated power fractions for each time slice are listed in table 2.2.1.

(a) 14.0s (b) 15.0s (c) 16.6s (d) 175s MW m™
SEIANN AN AN AN 50
\ g 4.0
-1.2 \‘\\\\\\\_//’:{//
g al N .//// . 3.0
N ; S 2.0
-1.6+ b E
g o 1.0
-1.8+ 5
: S 0.0

22242628 3.0 22242628 3.0 2224262830 2224262830
R (m) R (m) R (m) R (m)
Figure 2.2.1 Radiated power distributions for Mklla pulse 37991 from tomographic inversion of bolometer data.
The radiated power fraction rises (see table 2.2.1) and the peak emission moves inside the separatrix just above the
X-point.

Time Ilg\?vlgr Total radiated iiﬂ?gpg?avtvrie; poljvaedri ?:]Zd de frad, | Inner
(9 (MW) power (MW) (MW) Y, (MW) (%) | DoD
14 12.1 5.3+0.5 3.3+0.5 2.2+0.3 43+4 |2
15 12.7 8.3+0.7 4.9+0.5 3.0£0.4 65+6 (11
16.6 13 9.1+1.0 5.6+0.7 3.2+0.7 70£8 |21
175 13 9.5+1.2 6.2+0.7 3.2+0.7 73+9 |19

Table 2.2.1: Quantitative assessment of electromagnetic radiated power from tomographic inversgsedeN
pulse 37991. The input power during this interval was held constant at 12MW. The degree o™etachment is also
tabulated for each time slice (see section 2.3).

One can see from this table why the term “radiative divertor” is not very appropriate since
at all times much of the radiation (~65%) comes from inside the separatrix. At all 4 times the
electromagnetic radiation from below the X-point #) MW (8%t4% of the input power).
However, as discussed in the previous section this may be matched by neutral losses in the later
phase of the discharge. The fraction of the input power radiated W¥sideises only slightly
with impurity seeding from 18% to 25% of the input power.

An absolutely calibrated VUV survey spectrometer viewing the divertor region in the
Mark | phase has shown good agreement with the main chamber bolometers when the powers
measured in each of the observed spectral lines are summed tddgediggdrin nitrogen seeded
discharges, a typical breakdown of the loss channels for the detached pha&B5fved the



loss power from nitrogeni 0%, from carbon o oPulse No: 33204
and (5% from deuterium line emission
[Maggi]. Figure 2.2.2 shows an example of
such an analysis is shown for pulse 33204. ;5
Traces for the corresponding main params
eters can be found in figure 1.0.2.
Increasing the Z of the seed impurity

m

Bolometer

ower (MW/

1.0
from nitrogen to neon and then argon increas

the uniformity and depth of the radiating man-g

R iategp

tle inside the separatrix. In JET this can be seen |
from the radiation asymmetry factor defined
by f2"=P¥PRY™ where the symmetric

contribution to the total radiated power is de- 0-—--‘-"1‘1/ """"" e ‘ ‘ D

N — S — T TN

JG98.146/1¢c

fined to be twice the total radiated power meas- Time (5)

ured in the upper half of the plasma anﬁigure 2.2.2 Breakdown of total radiated power density
PRasym:PRtOtal- P:>™ For nitrogen seeded dis-between deuterium, carbon and nitrogen (D,C,N) seen

chargedz™"D.65 for neorfy™"0.5and for by an absolutely calibrated VUV spectrometer for pulse

argonfRaSymED.35 these factors are consistenf’3204' Good agreement is shown with a similar bolom-
. . eter line of sight also viewing the X-point regitMeggi.
with the results from tomographic reconstrucf. . .g .g P 9 ol
ime histories for the main plasma parameters can be

tion [Reichle(1993) In the situation where the ¢y g in figure 1.0.2.
seed impurity dominates, these factors show
little dependence on plasma conditions.

2.3 Detachment

Figure 1.0.2 provides a qualitative view of the reduction in peak ion-flux to the divertor target
produced by the introduction of deuterium and nitrogen impurities. This reduction in target ion
flux can occur for a trivial reason such as a decrease in upstream density. To elminate this
possibility a quantitative measure is required for the extent to which a discharge is detached.
Strictly speaking this is defined by the degree to which the static plus dynamic pressure is con-
served on flux tubes connecting the divertor target with the main chamber SOL
[Matthews(19954) The static pressure drop in the electron channel can be directly measured on
JET using the outer target Langmuir probe systems and reciprocating probes in the main cham-
ber SOL. An example of these measurements is given in figure 2@attd(1997a) for 3

cases: (a) an unfuelled type | ELMy plasma in which the parallel pressure is conserved between
ELMs, (b) a discharge with strong deuterium fuelling in which there is a large loss of pressure
balance between ELMs and (c) a discharge with strong nitrogen and deuterium puffing in which
a large pressure drop is maintained over a substantial part of the profile. These measurements
were made with triple probes with 1@0time resolution. Each profile represents a sweep of the



reciprocating probe or strike point over a period of about 100ms. For reference, ITER is thought
to require an average parallel pressure drop of about a factdari€sthitk

Pulse No. 34358, 34361
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Figure 2.3.1 Electron pressure profiles at the target and in the SOL for 3
H-mode discharges (a) no gas fuelling, (b) strong deuterium fuelling
showing detachment between ELMs and (c) deuterium plus nitrogen fuel-
ling showing steady state detachment.

In JET, this type of data is available for relatively few discharges and so a more generally
applicable definition of the degree of detachment (DoD) has been develapet:(1997a)
This is based on the principle that in the attached high recycling regime, at fixed input power,
the target ion flux would be expected to rise as the square of the upstream density:

15 = CnZ/(1-fu)

whereC is the constant of normalisatio®y, is the line averaged density measured near to the
edge of the main plasma afyg is the fractional radiated power. The degree of detachment is
then defined as:

scaly measured
DoD = |4 /ld .

wherel{™**""*4s the ion flux measured by the divertor Langmuir probes. The upstream to down-
stream pressure ratio can be shown to be roughly equivalent in magnitud®e&bthed this

10



has been experimentally verified for radiative discharges. Figure 2.3.2 shows a comparison of
the DoD vs (a) electromagnetic radiated power fraction and (b) fraction of the Greenwald den-
sity limit for the Mkl, Mklla and Mkllap configurations for the inner and outer divertor. These
show that the discharges become very detached at lower electromagnetic fractional radiated
power as the divertor becomes more closed: Mi006) to MKlla(165%) and Mkllap(il60%).
Although the actual density is about 10% higher in the Mkl cases, the Greenwald density limit
was also higher by a similar percentage due to slight differences in the plasma equilibrium. It
therefore appears that closure did not reduce the density which was achieved with respect to the
Greenwald limit. However, the confidence interval for this conclusion is about 10% due to
difficulties in defining matched discharges given the differences in pumping, equilibria etc.
between Mkl and MkII. The impurity seeded radiative discharges have fractional Greenwald
densities which are at most 10% lower than can be achieved with pure deuterium fuelling into
discharges with the same triangularitjofton].

Pulse No: 34361, 37991, 39640 Pulse No: 34361, 37991, 39640
40 © Markl (13.5MW) 40 © Markl
A Mark | (12MW) N A Mark lla A
A Mark llap (11MW) A Mark llap
A A
30 = 30
5 a g A
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= A —_ A, A
5 201 A 2 200 .
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) 44 = Aa
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A © 4L o
A < Sa 2
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o

Figure 2.3.2 (a)Degree of detachment (DoD) vs electromagnetic radiated power fraction for the Mkl, Mklla and
Mkllap divertors. Input power was 11-13.5MW with similar ratios fd\D, fuelling. (b) DoD vs fraction of the
Greenwald density limit for the same cases.

There is now good evidence that detachment in ohmic and L-mode discharges is closely
correlated with the spectroscopic signatures of recombindfio@{acken9¥. The same is also
true of radiative discharges where the ratio of the visible Balmer Ii¢@§ Bhows a sharp rise
as the ion saturation current measured at the target rolls over and decreases, as shown in Figure
2.3.3. This change is characteristic of an increase in the relative population of upper states due to
recombination which contrasts with what is seen with electron impact excitation alone which
predominantly populates the lower levels. The fact that y‘[ea[Datio only reaches half way to
that predicted for strong recombination my be related to the fact that the spectrometer views the
target from the top of the JET torus and so line integrates through any excitation dominated

11



zones that lie above the recombining region. Limited time resolution of the diagnostics means
that we cannot be sure that the signature of recombination is present during individual ELM
events.

Pulse No: 39640
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Figure 2.3.3Radial distributions of )D, across the outer strike zones

for pulse 39640 for the ohmic attached and H-mode attached and de-
tached phases.

2.4 Impurity Content

Data from the MkO, Mkl, Mklla and Mkllap divertors has been analysed along with a
multi-machine data seMatthews97 using a fitting function relating.y to the total radiated

powerP,,q , plasma surface area, S, line averaged deﬁsi@md atomic numbet of the seed
impurity:

Z, =1+aP,,Z°/(S"n.) (2.4.1)

wherea, [, y andd are determined by a non-linear least squares fit. The most recent result
including the Mark Il data is:

Ze/f =1+4.5(+04) PdeO'] 2:004 /(50.94¢o.02;el .89:0.03) (2.4.2)

which is still well approximated by the simplified expression 1.1.1. The quality of this fit can be
seen in figure 2.4.1 where only the JET data has been shown. In allgaséswithin a factor

2 of the scaling. The MkO, Mklla and Mkllap data all lies above whilst the MKkl data is
somewhat lower. This is why including the Mkll data has made the prediction for ITER given by
equation 2.4.2 slightly more pesimistic than the originalMafthews97. Changes in the
diagnostics between the Mkl and MkIl phases mean that it is hard to say whether this difference
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is significant. The ITER reference operating point is also shown in figure 2.4.1 which is calcu-

lated from equation 2.4.2 assumiSg1250M, P,.;=150MW, 7. =0.96x10°°m and Ar
impurity (Z=18).[Putvinsk]. On this scaling ITER would haw&=2.25 which means that the
incrementalZ.; due to impurities other than helium is double what ITER requgs.6).
However, the requirement still lies within the scatter of the experimental data.

Detailed analysis of the JEZA profiles reveals that in typical radiative discharges the
profiles are slightly hollow such that:

(Zemmal 1) / (Zlne =1) = 0.75 £0.1 (2.4.3)

whereZ;;"" is the central value d.randZ.;* the line averaged value both determined from

charge exchange recombination spectroscopy of all major impurity species. Although it is not
clear how this might scale to a larger machine such hollowness would be beneficial to ITER
since the fusion power will be a maximum whereZhgs lowest.

CITER (A)  *MKO(D,) MKl (A) In the original radiative divertor concept

)]

| AMKI(Ne)  OMKI(N,) Mklla (D) i iori -
Ml &e) MKlla () o Mknzp ) it was hoped that both the majority of the ra

diation and impurities could be kept in the
divertor below the X-point. Since we have al-
ready shown in section 2.2 that the majority
of the radiated power comes from just inside

Zi (Experiment)

the separatrix it is perhaps not surprising that
there is no evidence for a large increase of
core impurity concentration when the plasma

o JG97.249/7¢c

detaches. To make such comparisons within

the database we define the ratio of the incre-
mentalZ., predicted by the scaling law to that

Z (Scaling)

Figure 2.4.1 JET data for MkO, Mk I, MKklla and Mkllap
divertors plotted against the multi-maching, Zcaling measured by:
of equation 2.4.2.

H,e={Z et (SCaling)-1}/{Z.x(experiment)-1} (2.4.4)

where the simplified scaling law of equation 1.1.1 is used. Defined in this wayHlapiregood
because it means that more radiation is achieved for a given incredgnEigure 2.4.2 shows

the dependence &f,.;0n the electromagnetic radiated power fraction for a series of 2.5MA/
2.5T discharges in the Mklla divertor with 12MW of neutral beam heating. Points are also
identified according to the plasma equilibrium that was used. Standard flux expansion cases
correspond to an expansion factor of 6.5 measured between the 1cm flux surface at the outer
mid-plane and the outer divertor, normal to the flux surfaces. High flux expansion cases have an
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expansion factor of 12. Results indicate that discharges run on the vertical targets have a slightly
higherH,¢«than the horizontal standard flux expansion equilibria which in turn perform better

than the horizontal high flux expansion cases P

which have the lowes$t,. In any given con-
figuration there is rather little variation e 1.0 N
with fractional radiated power. It seems most

0.8 o °
likely that the variations are due to changes in on t e * L e
= u

the edge temperature and density distributioft 06 8 EQ . L
which influence the radiative efficiency. Code o4k
calculations have not predicted any significant Configuration

. . . . Vertical A (Dy) A (Dy+Ny)
enrichment of the divertor impurity concentra-  %2[" Horizontal o (D) ® (Dy+ Ny

. . . . High flux expansion 0O (D) ® (D, + Ny)
tion with respect to the main chamber and this ¢ L !

. . . . . 0.2 04 06 08
is consistent with the experiment in that there
is no evidence for any significant reduction Irlligure 2 4.9H

O 3697.559/1c

[

f rad

_ _ ) et (defined by eqn. 2.4.4) for 3 different
H.errat high radiated power fractions where thg,sma equilibria in the Mkila divertor plotted against

detachment occurs. the electromagnetic power fractigg,f

2.5 Code Simulations

Two code combinations have been used at JET for the simulation of the edge plasma in radiative
regimes. Most generally applicable for detached regimes is the EDGE2D multi-fluid code cou-
pled with the NIMBUS Monte-Carlo code for neutralafoni. However, the DIVIMP Monte-

Carlo impurity ion transport cod&{angebjhas also been used in combination with NIMBUS

run on “onion-skin” plasma models linked to target probe data or plasma backgrounds generated
by EDGE2D.

In simulating experimental data, EDGE2D is run with radiation feedback such that the
impurity puff rate is adjusted by the code until a specified radiated power fraction is achieved.
Transport coefficients are then manipulated until both the target Langmuir probe data and up-
stream profiles measured with the reciprocating probe are well matched. As a consequence, the
degree of detachment in the simulation matches that in the experiment although the code tends
to be more asymmetric in solutions with a more strongly detached inner target than the experi-
ment. The matching of the target profiles predicted by the code with those from the experiment
(for example, figure 2.3.1) leads to relatively large values for the transport coefﬁE‘J’gnlth(nf/
sandXD=2.5mZ/s) as compared with those used in modelling the inter-ELM periods of unfuelled
ELMy H-modes DD=0.05mZ/s andXD:O.ZmZ/s). This transport enhancement may be attributed
either to the fact that the high frequency ELMs are not considered in the modelling or connected
with the increase in transport seen at low edge electron temperatures even in [Emotde [
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The distribution of the radiation predicted by the code shows much finer structure than is
seen in the tomographically inverted bolometer data. To make a meaningful comparison a diag-
nostic simulation of the EDGE2D output is required which calculates what would be seen by the
JET bolometer system. This can then be tomographically inverted in the normal way and di-
rectly compared with the inverted experimental data, as shown in figure 2.5.1 for a nitrogen
seeded discharge in Mk | with 80% fractional radiated polmgegsoh The bolometer system
in the Mklla divertor phase had higher spatial resolution but an equivalent comparison has not
yet been made.

-3 3
_05 \(a) MW m15 \(b) JG98.65/2¢ MW m5
j 4
=10 10 3
N _15 5 2
1
_2.0 1 1 0 1 1 1 1 0
20 25 30 35 20 25 30 3520 25 30 35
R (m) R (m) R (m)

Figure 2.5.1 Pulse 34361 at 55.6s (as figure 2.3.1(c)) (a) EDGE2D simulation of nitrogen and deuterium radiative
losses, (b) radiated power distribution from tomographic reconstruction of the simulated bolometer views of the
EDGEZ2D data and (c) radiated power distribution from tomographic reconstruction of the experimental bolometer
data with bolometer lines of sight overlaid. The squares indicate the grid size used in the reconstructions.

The radiation in the experiment is further inside the separatrix and more peaked than in the
simulation. A slight rise in the radiated power fraction requested in the simulation can produce a
radiating region inside the separatrix which is a better match to the experiment. However, these
solutions are not stable since the radiating region moves upward and inward to the edge of the
computational grid adjacent to the core and triggers a collapse in the solution. The fact that the
experiment seems more robust than the model may be attributed to the rapid ELMs which have
been shown in similar B2/EIRENE simulations of neon seeded ASDEX-Upgrade discharges to
have a strong stabilising influence on the X-point MARBEHNeidel

Predictive runs, i.e. not matched to specific pulses, have also been carried out using
DIVIMP/NIMBUS and EDGE2D/NIMBUS to test the multi-machidg: scaling of equation
(2.4.2) for a variety of machines and a wide range of assumptions about the plasma conditions
[Matthews(1997) This result is shown in figure 2.5.2. The simulations show a similar level of
consistency to th&., scaling law as the experiment and since ITER simulations are also in-
cluded one can have greater confidence in such an extrapolation. There is still no adequate
theoretical explanation as to why thg; scaling law works as well as it does. The DIVIMP
simulations show that the electron density, impurity density and impurity radiation function
within the radiating volume as well as the size of the radiating volume can each vary by up to an
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order of magnitude depending on the ’[Epcezp bivivp

O ITER O ITER
2 JET
A C Mod
¥V DIII-D

assumptions made about the background |,
plasma. Surprisingly however, the product of o
these gquantities tends to remain approximately
constant which is the condition for the simple °
scaling law to hold. If the scatter in these pay |
rameters were uncorrelated the deviation from
the scaling prediction would cover 4 orders of ;|
magnitude!

Whilst there is good overall agreement

between code simulations and experiment for

JG96.214/5¢

the primary plasma parameters the details 1; 2 3 4 5 6

which are closely linked to the atomic physics 1456 SPJ?S 20-11995
031

~

are less well characterised. For example, the

compression factor for the nitrogen in Mkf19ur€ 2:5-2Zex from a wide variety of EDGE2D and
DIVIMP predictive runs versus thé,; scaling law,

pulse 34361 was measured to betd5 equation (2.4.2).

[Ehrenberd which compares well with the

factor 20 seen in the simulatidodartel. However, the actual nitrogen concentrations predicted

by the code are a factor 3 too low and the radiated power is predicted to come equalivfrom
andNV radiation whereas in the experiment a VUV spectrometer, which can account well for
the radiated power, show$v~2xNIV[Maggil. In general, it is not clear to what extent such
discrepancies are due to uncertainties which are known to exist in the atomic data for nitrogen as
opposed to inaccuracies in the simulation of the electron temperature and density distributions
in the plasma or in the plasma transport.

3. ENERGY CONFINEMENT
3.1p- Scaling in Radiative Regimes

Matching of the three paramet@xsv- andp should ensure that all plasma physics phenomena,
including collisional effects with Coulomb-like cross-sections are scaled corr€ctinpi. It

has been showrfcknej that atomic physics effects such as radiation, charge exchange and
other ion-neutral interactions of importance in the plasma edge can only be scaled when the
absolute temperature, T, is also matched. Detachment occurs when the divertor temperature falls
to a feweVor less [Loarte]. In JET, detached divertor plasmas are obtained at similar values of
total fractional radiated pow&gy for a wide range of conditions andfsg has been used as a
closely related alternative dimensionless parameter. Using Iowgaurities (nitrogen and neon)

the radiation distribution will be more similar to that expected in ITER for argon. Fjxi@dso
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avoids any confusion between changes in confinement and direct radiative losses from within
the core plasma.

3.2 Constraints

In the JET experimentsS{orl gos(3.1), fad(=60%), B(=1.2) and Z:(=3) were kept constant.
Fractional radiated powegd=P a4 total Pheat totaiCan be written in terms of.£and line averaged
density n by using the simplified.Zscaling of equation (1.1.1),& can then be substituted

with an expression in terms of dimensionless parameters via an appropriate confinement scal-
ing law: Gyro-Bohm Be [ p- *(JITER93H) or Bohm Be O p- (JITER89L). These relation-

ships then imply to ensure similarity key parameters are constrained as follows:

Gyro-Bohm |nOB%" |[n/n OBY? vOB7 |p*0B¥" | P _[OB27

Greenwald

2
Bohm nB n/n =const. |v*OB* p*0OB*2 Prea 1B

Greenwald

Ideally we would find a means to keepconstant and one possibility might be to allow
Z.. Or b to vary but it turns out that the required parameter variations either do not exist or are
impractical. Fortunately the dependence of the commonly used confinement scalings is rather
weak (Brggs 0 N "% BTy g0 N>, Big,q, 0 n.>%) so that the failure to maintain constant n
may have only a small effect on the results. Another useful feature of kéepoogistant is that
required density dependence equals or is very close to a constant with respect to the Greenwald
density limit. This is also convenient since although the Greenwald limit is not dimensionally
correct there is good empirical evidence that the proximity to this limit can strongly influence
confinement Asakurg.

3.3 Global Confinement Scaling

Figure 3.3.1 shows the variation of thgddqs.1 factor withp. from the JET series of radiative

p- scaling experimentdVatthews97h Data have been restricted to pulses with$50% and

multiple points have been taken from two pulses for each value of toroidal field. Data from
radiative discharges in ASDEX-Upgrade and DIII-D is also included although these are not
identity pulses that match exactly the JET dimensionless parameters and plasma shape. All these
data are consistent with a degradation with respect to the Gyro-Bohm like (ITERH83-B*B

27) scaling ap- decreases. The radiative pulses are better describeitbipB"’ as shown in

figure 3.3.1. This is in contrast to the type | ELMy H-modesrfley} which are also shown.

Figure 3.3.2 shows variation of with p. for the same data. Although cannot be held
constant in these discharges the existence of simfakdsly factors for widely differingv-
indicates that the confinement is weakly dependent on collisionality as is characteristic of exist-
ing scaling laws. There also appears to be no strong beta dependence.
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Figure 3.3.1 H; vs p. for H-modes with ,f;>0.5 Figure 3.3.2p. vs u. for H-modes with {;>0.5 com-
[Matthews97b] compared with unseeded JET typepared with unseeded JET type | ELMy discharges
ELMy discharges [Cordey]. [Cordey].

Regression of the energy confinement time for the JET, DIII-D and AUG discharges with
f 0.5 against a dimensionally correct expression gives:

BT, =82 x107"p 7y 0253014 (3.3.1)

Thep: dependence lies somewhere between the Bohm and Goldston like scalings. Since
thev” dependence is similar to that of ITERH93-P this scaling pvithas been represented in
figure 3.3.1. Although expressidh3.1fits the confinement of the radiative discharges for
f.ac>50% with a scatter around the fit[d@0% it cannot be assumed to be generally applicable.
As the ELM frequency varies, discharges can evolve along a path which is orthogonal to the
scaling line. In subsequent sections we will demonstrate that the globally Bohm like appearance
appears to be the result of changes near the edge of the plasma which mask what is happening in
the core. A more generally applicable confinement scaling law which separates out the effects
on pedestal and core is described in section 4.2 and can reconcile both radiative and non-radiative
discharges.

Successful operation of ITER will require both high energy confinement and high density.
JET experience in low triangularity type | ELMy H-modes is that with deuterium gas fuelling,
the density can be raised up to about 70% of the Greenwald value at which point the confine-
ment becomes increasingly degradddrfon]. A useful figure of merit accounting for the need
to simultaneously achieve both high density and energy confinement is the pfp@tctn, ., .
Figure 3.3.3 shows a plot of this figure of merit vs normalised plasma density. Saturation occurs
at a value of arount,,7, / ng,, =0.6 for low triangularity type | ELMy discharges and 0.5 for
seeded radiative casdg£0.5). ITER requires a value of 0.75 for its driven mode and 0.95 for
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ignition. From figure 3.3.3 one can see that the confinement of the radiative discharges, all of
which have rapid type Il ELMSs, is reduced 5% with respect to the deuterium only cases.

At the very highest densi#y/, .7z, / n.,, Saturates for the deuterium only cases and the points for
radiative and non-radiative cases merge. This is consistent with a degradation of the edge pedes-
tal as discussed in section 4.
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0.8
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Figure 3.3.3 Comparison of the figure of mdit .7z, / n,, for the
various JET divertor phases foi,Buelled and nitrogen seeded radiative
pulses with,,>0.5 Pulses were selected to be low triangulardty(.13-
0.24) with plasma current in the range 2-3MA.

3.4 Local Transport Analysis

Local transport analysis of radiative JET pul$gs>60%) has been carried out using the TRANSP
code. Profiles of 9 T, T;, P, total thermal pressure P, andx. (dominated by;) are shown

in figure 3.4.1. In all cases the discharge parameters wer2.3MA, Br=2.5T with 12MW of

neutral beam heating. A reference unfuelled type | ELMy discharge is compared to discharges
seeded with nitrogen impurity. In one of these cases (37997) the density fell due to the loss in
confinement but in the other (37991) strongelling was used to maintain the density. Due to

its lower density Dseeded pulse 37997 has more or less the same temperature as the unseeded
type | reference 38287. Hence once can see from figure 3.4.1(f) that in going from an unseeded
to seeded discharge at simifat, the corex. is increased. If the density is maintained by
deuterium fuelling then the copgs remains more or less constant whilst there is a significant
increase inyes outside q=2.

The apparent decoupling of the core and edge confinement are not obviously consistent
with confinement models in which the edge and core confinement are strongly linked
[Kotschenreutdr Also, the electron temperature profiles shown in figure 3.4.1(b) do not appear
to show the strong profile resilience reported by ASDEX-Upgré&deljer]. The common fea-
ture of the JET profiles is that the core electron pressure profiles have the same gradient for both
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Figure 3.4.1 (a) to (e): Profiles for an unfuelled type | ELMy reference discharge (38287) compared with a radiative
discharge with strong Nand D, injection (37991) and lower density discharge withrjection and very little D

fuelling (37997). Frame (f) shows tlxg; profiles for a wider range of radiative discharge and an unfuelled
reference.
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unfuelled and fuelled or impurity seeded discharges. One can see from the examples given that
the electron temperature profile can be altered but that the pressure profiles appear to be simply
shifted down by an amount corresponding to the change in the edge pedestal.

In radiative discharges there may be a concern that the incregsenear the edge is
merely the result of direct losses which have not been correctly accounted for in the analysis.
However, as was demonstrated in table 2.2.1, tomographic inversion of the bolometric data
shows that the majority of the radiation is emitted from outsideyghBux surface [ngessoh
and as a result, the derivigk is very insensitive to the assumptions made about the radiation
profile. Monte-Carlo calculations of the charge exchange losses coupled with bolometric evi-
dence show that these losses are too small to influence the transport analysis and in any case are
mainly located outsidegyg

We would like to know how thg.¢ in the core scales wifhv. However, to do this with
constant collisionality and beta in discharges with similar radiative losses is not possible for the
same reasons as for the global scaling. In addition, one should strictly use local definitions of the
dimensionless quantities. Without a specific transport mechanism in mind it is not obvious which
length scale to use in the definitions. New parameters based on local gradients might be more
relevant but experimental errors would make the scatter in such quantities too large to be of use.
As a result a simple but practical definitiongefhas been used. The ion gyro-radius has been
calculated using the local ion acoustic spegd G + Te)o'5 and the result normalised by the
minor radius. Figure 3.4.2 shows a logarithmic plogafB vs p. for all the impurity seeded
discharges which have been investigated with the TRANSP code. A reference case and a dis-
charge strongly fuelled with deuterium only are also included.Xthandp- values were all
extracted for the same radius (R=3.5m) which corresponds to the part of the plasma between
g=1 and g=2 where they profiles are fairly flat. The error bars represent the scatter of the data
over a typical period of several seconds where the discharge conditions are in quasi-steady state
(slow evolution on time scales Xz). Regression of all the points corresponding to impurity
seeded discharges leadsyt@(3.5m)/BJ p.>**** which is indistinguishable from the Gyro-

Bohm line shown on the plot. The statistical error on the exponent is however not really repre-
sentative of the real uncertainties a better impression of this is obtained by comparing the expo-
nent at various radii outside the sawtooth inversion radius (3.3m) as listed in table 3.4.1. This
shows that the tendency is towards Gyro-Bohm like scaling up to 3.65m while it is more Bohm
or Goldston like further out. In reality the uncertainties in the edge region are rather large since
the exponent of fit is sensitive to which pulses are included or excluded from the fit. However,
gualitatively the result is unaffected.

Some caution is required in comparing local transport in seeded and unseeded regimes
because it almost certainly invalidates the dimensionless parameter approach which requires
that the particle and energy source and sink profiles are matched. If the radiative cases are
considered as a group they fit quite well to the Gyro-Bohm scaling in the core, particularly if we
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select pulses 37991, 38605, 38608 and 38612 which have the best match in terms of seeding
regime and have very similar normalised temperature profiles.

Radius (m) Exponent for p,
3.35 2.5+0.03

3.45 2.7+£0.02

3.55 2.85+0.04

3.65 2.6+0.05

3.75 1.6+0.08

Table 3.4.1: Exponent)for thep. dependence of.+ at various radii
between the sawtooth inversion radius and the plasma éBd&ng). A
function of formy.(r)/B O p." is fitted to the TRANSP data at each
radius where B is the magnetic field on axis.

10 38612 IMA/LT N,+D,

[ 038608 1.8MA/1.8T N2+Dz} Radiative p* 6’*\&
[ ® 38605 2.6MA/2.6T Ny+D, ;

| 437991 N,+D,
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Figure 3.4.2 . Logarithmic plot of.«/B vsp. at R=3.5m for all the
impurity seeded discharges which have been investigated with the
TRANSP code. An unseeded reference (38287) and a pulse with strong
deuterium puffing (38285) are also included.

4. EDGE OPERATIONAL SPACE
4.1 Discharge trajectories

Edge operational space diagrams describe the trajectory of a discharge in terms of pedestal
values of gand T, at the top of the H-mode pedes&ifiber, Keilhackelr The upper limit in
edge pressure reached by type | ELMs before they crash is thought to be related to the critical
pressure gradient for the ideal ballooning instability. The actual peak edge pressure reached
during an ELM cycle therefore also depends on the pedestal thickness. In JET the density de-
pendence of this upper pressure limit is consistent with a pedestal thickmdssh scales
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according to a “mixed modelk[{ap;} 12 [Lingertaf where it has been assumed that/ Te. In

edge operational space this implies that at the top of the pedestal the temperaturezcales as
»3 [Keilhacket. Figure 4.1.1 compares this upper boundary from nitrogen seeded discharges
where the type | ELMs reappear after the impurity seed is switched off, with a series of unfuelled
and deuterium fuelled dischargésejlhacket (2.5MA, 2.5T with 12MW of NB heating).

The lower limit in pressure to which the
type | ELMs crash is also shown in figure 4.1.1 5
and appears to be more consistent with a line
of constant pressurd-ishpool. This lower L ToOngt
boundary defining the depth of the ELM in-
duced pressure crash is not yet understood. In2-
the phase of the discharges where there ate
rapid small ELMs which are labelled as type%
[Il'in figure 4.1.1 the minimum pressure is the

Upper limit

¢ D,only typel
O Dy +N, typel
* Dy + Ny, type 11

same as for the type | ELMs. Strictly speaking Lower limit
this categorisation of the ELMs requires the ;Bi Snnllyz IiSE:

relationship between the ELM frequency in- ¥ Dotz el

put power to be tested. However, the ELMs © ! ‘ ‘ ‘ ‘ w
labelled as type | show a decline in frequency Ne (x101° m2)

as the radiated power fraction rises whilst tho$ggure 4.1.1 Diagram of JET edge operational space
labelled type Ill increase in frequency with rashowing for nitrogen seeded discharges which evolve

diated power fraction. Unlike the type | ELMSfrom large type | ELMs to small frequent (typelll) ELMs.
the t s h h hori tal t The upper and lower pressure limits for the large ELMs
€ type 1lis have much more horizonta ra'étre consistent with those for,Buelled and unfuelled

jectories as a result of oscillations in densitye | £ My discharges.
and do not depart significantly from the lower
pressure limit.

The edge temperature at which the L to H threshold occurs is around 800eV and this is
believed to be independent of densiRyghi, Chankih At high density the radiative discharges
are pushed down the constant pressure line towards the L to H threshold temperature. However,
most of the points seem to sit well above the 800eV level at which a back transition would be
predicted.

JG98.65/1c

4.2 Edge Pedestal and Implications for Global Confinement Scaling

The electron pressure profiles of figure 3.4.1(d) are typical of the observation that the edge
pressure is reduced and that the core profile is simply shifted downwards by this amount. This
observation fits in with the concept of an edge pedestal. The metaphor of the edge pedestal
originates from the fact that provided the core transport is a relatively weak function of local
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density and temperature, the pressure across the whole of the core plasma can be raised by the
average pressure set at the boundary.

At present it is not clear what is the correct scaling for the pedestal thickimeg=r{af
but the implication of th«é\D{api}l’2 scaling is a weak decrease in pedestal pressure with in-
creasing pedestal density. If one were to stay exactly on this ballooning boundary then in a
typical fuelling scan for which the pedestal density doubles this scaling implies a 6% reduction
in total stored energy, assuming that this energy can be divided into roughly equal and independ-
ent contributions from the pedestal and core. However, the degradation is enhanced by the fact
that as the ELM frequency is increased the time spent near the ballooning limit decreases. Hence
the time averaged pedestal pressure departs increasingly from the ballooning limit as the ELM
frequency is driven up by fuelling of deuterium and/or impurities. Finally, the rapid type Ill
ELMs do not even reach the type | limit leading to a further drop in pedestal pressure.

Fishpool has proposed an explanation for the observed variation of confinement with gas
puffing [Fishpoo] based on a more detailed consideration of the cycles in edge pressure associ-
ated with ELMs. In an ELM-free H-mode plasma, of order half of the thermal energy can be
ascribed to the pressure at the top of the pedestal and this pressure is controlled by the ELM
behaviour. At high ELM frequencies, the (electron) pressure pedestal can be reduced by over
50% within ~1ms. Surprisingly the minimum pressure (measurpd(a92) after an ELM is
almost independent of ELM frequency, for radiative plasmas observed in JET. Hence, with
fixed power available to reheat the edge region, increasing the ELM frequency leads to a lower
average pedestal pressure, and reduced energy confinement. By combining the assumptions of a
lower limit to which the edge pressure always crashes with a reheat model for the pedestal
region between ELMs, this model avoids the need to explicitly consider the scaling of the upper
pressure limit.

On the basis of these observations, one can derive a dimensionless expression for the
relationship between the ELM frequency, and the confinement enhancé&nsépopl:

H=H,, ~afr,(-e"") (4.2.1)

where,H is the ELM-free confinement enhancement for a given plasma configuration and
heating scenariof is the ELM frequency, witla andb determined from the experiment. The
plasmas of the type shown in figure 3.4.1 give values0f031,b=14, withH,.« given by the
ITER-93 ELM free H-mode scaling law. Figure 4.2.1 compares the experimental valugs of H
with the model values from equation (4.2.1) for a series of discharges in which only the deute-
rium and impurity fuelling rates were varied. Paramedeasdb do not appear to vary signifi-
cantly with plasma current.

An important implication of the assumptions leading to equation (4.2.1) is that the nor-
malised ELM size defined as the fractional loss in stored energy per ELM is given by:
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aw W= e (4.2.2)

Combining this with equation (4.2.1) the relationship betwé&g@andAW/Wcan be plot-
ted and the result compared with fast diamagnetic loop data as shown in figure 4.2.2. If correct,
this model suggests that there is an inescapable link between ELM amplitude and the pedestal
contribution to the global energy confinement in discharges where impurity seeding is used to
drive up the radiative losses and reduce the severity of the ELMs.
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Figure 4.2.1 H93 vs ELM frequency from experimerftigure 4.2.2Hq;vs normalised ELM energy/W from

and model. Experimentally the only variables are thexperiment and model from the same group of pulses as

impurity and deuterium fuelling rates. are shown in the previous figure. Both the average and
maximumAW/W are indicated.

Whilst the arguments presented in this section allow one to keep very different seeded and
unseeded discharges within the same scaling law it still leaves open the question as to why the
global confinement scaling in the radiat'w*epulses of figure 3.3.1 does not reflect the Gyro-
Bohm like scaling of the corg,,. Although the value oft_ varied over thep* scan from 4.2
(IMAJ/LT) up to 16 (2.6MA/2.6T) equation 4.2.1 would predict that the effect was almost satu-
rated. Unfortunately limitations of the edge ECE system mean that the actual pedestal height
cannot be measured but the model predicts that the chipges at most account for 5%
departure of the stored energy from ITERH93-P scaling. To reconcile the global and local con-
finement scalings 30% difference in stored energy must be accounted for. Another 10% of this
can be attributed to the fact that the power deposition profile for the neutral beams is more
peaked at LMA/1T. The remaining 15% appears to be related to the more Bohm like scaling near
the plasma edge which is not well resolved by the TRANSP analysis due to the limitations of the
diagnostic data.
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5. DISCUSSION
5.1 Implications for ITER

Seeded radiating discharges in JET have achieved a level of fractional radiated losses which,
coupled with small high frequency ELMs, appear to offer a solution to the heat load problem in
the ITER divertor. Although the incremengal is very high in these discharges, when scaled to
ITER the impurity levels are within a factor two of the acceptable value due to the large main
plasma surface area and high density required in ITER. The slight hollownesZ gfpiadiles

seen in JET, if applicable to ITER, may also help bridge the gap. Although this prediction is still
marginal for ITER, the favourable conclusion is that the ITER requirement lies within the scat-
ter of the experimental data and hence does not require any dramatic improvement in divertor
performance. This is a fortunate result since the concept of a divertor with strong retention of
impurities and high fractional radiated powers from within the divertor volume has not yet been
realised. However these results do raise the question as to whether the large volume devoted to
the deep divertor in ITER is justifiable if most of the losses are outside the divertor or in the
vicinity of the X-point. In favour of the deep divertor is evidence that closing the JET divertor
has raised the divertor neutral losses while at the same time this does not appear to have signifi-
cantly altered the density limit. Also, closing the divertor has raised the divertor neutral pressure
and so increased the particle removal raterfon]. Core helium concentrations in ITER are
expected to be determined by the exhaust rate at the divertor. A reduced concentration of helium
in the core would allow a higher concentration of seeded impurities to be tolerated so there is an
indirect benefit from improved divertor closure.

A difficult issue for the radiative regime in ITER is prediction of the energy confinement
time. The error bars on the projections for type | ELMy H-mode confinement are already mar-
ginal for an adequate prediction for the ITER ignition margin but sufficient accuracy now seems
within grasp through the adoption of thescaling dimensionless variable approacbrey.
Unfortunately, extending this methodology to high density radiative discharges, where ITER
actually needs to operate, appears to be impossible when dealing with global definitions of the
dimensionless variables since the requirements for high radiative losses over constrains the other
variables. However, the experiments carried out at JET in WhighB, 0ps, flag and plasma
shape were kept constant appears to be the best compromise. Even so, various factors mean that
the global confinement scaling in the radiative regime is closest to Bohm. Fortunately, the en-
ergy confinement scaling in the core appears Gyro-Bohm like. However, the edge region is
important for ITER and current analysis suggests a less favourable scaling for this part of the
plasma. Diagnostic limitations mean that a detailed analysis of this region is not possible.

The decrease in energy confinement time from unseeded to highly radiative regimes is
dominated by the impact of the radiating layer on the edge. This appears to make sense in terms
of edge operational space if one considers how the averaged pedestal pressure varies with ELM
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frequency. What this implies for ITER is still an open question because it depends on a knowl-
edge of exactly how the pedestal height and the ELM trajectories scale. This effect also tends to
mask the intrinsic question of how the core confinement scales. The local transport analysis of
radiative discharges carried out at JET supports the idea that the core confinement retains a
Gyro-Bohm like scaling witlp- although the uncertainties are large. Consideration of the pres-
sure cycles during ELMs suggests that there is an inextricable link between the pedestal height
and the drop in stored energy associated with the ELMs. As a result, although the core confine-
ment scaling seems favourable, ITER may not be able to rely on a large additional contribution
from the edge pedestal since this may result in ELMs whose transient power loads cannot be
handled by the divertofauthiel]. Figure 4.2.2 illustrates another potential problem for ITER

in that although it possible to drive the averdayé/W per ELM below the 1% level the ELM

size is not uniform and there are still 2% ELMs present. The point, at which the upper limit of
ELM size crosses the surface sublimation threshold is critical for ITER.

The relatively low density achieved with respect to the Greenwald Density Limit is per-
haps the most serious cause for concern over the viability of highly radiative plasmas in ITER.
A similar problem exists with non seeded type | ELMy H-modes. However, the apparent link
between detachment and the density limit in the JET radiative discharges suggests that the de-
tachment model for the H-mode density limit proposed by BoBassisg may be applicable
in this case. This model is more optimistic when extrapolated to ITER than the Greenwald
scaling.

6.2 Design of future experiments

Future experiments at JET will be aimed at extending the range of the ragiaikmeriments

and to make finer steps. The relationship between confinemeiitzaexpressed in equation
4.2.1 suggests that this may be a more relevant dimensionless constraigj thiaich might

make the global confinement scaling more meaningful. On the practicéfside parameter
which is readily controlled. The argument that can be made againstfgsisghat we cannot
predict what the ELM frequency will be in ITER. However, since there is an upper limit on the
value of AW/W which the ITER divertor can tolerate, equation 4.2.2 can be used to define a
minimum acceptable ELM frequency since the two quantities would appear to be inextricably
linked. If this minimum ELM frequency is not achieved as a natural consequence of the ITER
operating regime then means will have to found to impose it by gas or impurity fuelling or by
other means. Hence, it may not be essential to predict the natural ELM frequency in ITER.

In parallel with this detailed study of the core, emphasis will be given to measurements of
the edge pedestal using the improved diagnostics which should be available. The scaling of the
stability boundaries within this diagram and the location of radiative regimes with respect to
these boundaries is clearly critical for making predictions for ITER.
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6 CONCLUSIONS

The current ITER design requires high radiated power fractions and small ELMs in a geometri-
cally closed divertor. JET experiments over the last 5 years have explored this regime of impu-
rity seeded discharges with high radiated power fractions in a series of 4 distinct divertor phases.
Scalings suggest that a price will be paid for the radiative regime in terms of enhanced impurity
content and reduced energy confinement but that ITER’s minimum requirements could be met.
The uncertainties are however still large and more detailed studies of core and pedestal scalings
are required.

Doubt remains regarding the density limit which in radiative regimes lies below the
Greenwald density limit. However, in this respect the radiative discharges are not significantly
different from unseeded type | ELMy discharges with gas fuelling. The issue in both cases is
whether the expression for the Greenwald density limit provides an accurate scaling to ITER. In
contrast with conventional type | ELMy discharges, the density limit in radiative discharges
appears to be associated with divertor detachment.
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