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ABSTRACT.

This paper describes the content of an H-mode confinement database that has been assembled for
the ITER project. Data are collected from six machines of very different sizesASDEX, DIII-D,
JET, JFT2M, PBX-M and PDX. A detailed description of the criteriathat are used in the selection
of dataand the definition of each of the variables are given. After an analysis of the condition of
the database, scalings of the energy confinement time with both the engineering and physics
variables are determined. Both power law and offset linear models are used to fit the data and the
predictions of the confinement time in ITER using the different formulations are presented.
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INTRODUCTION

In order to predict the global energy confinement time in the next generation of large
tokamaks, such as ITER, it is essential to have data from machines of different sizes.
At the request of the ITER project the authors of this paper have assembled H-mode
global confinement data from six machines ASDEX, DilI-D, JET, JFT2M, PBX-M and
PDX into a single database. The key features of the database are described in this
report along with a preliminary analysis of the scaling of the energy confinement time
tg. Similar multi-machine databases have been assembled by S. Kaye for L-mode
data (1. 2), Since many machines that are currently being designed rely on H-mode
confinement to achieve ignition, it clearly would be sensible to base extrapolations on
H-mode data rather than applying L-mode scaling with a muitiplier.

To set up a database requires extensive analysis of which parameters should be
included. The selection is predicated mainly by the confinement interest but the
database may no doubt have other uses. The final parameter selection is described in
section 2 of this report.

Ideally one would like to construct a database in which the data covers a wide region
of the parameter space of interest. Unfortunately not ail parameters are fully under the
control of the experimentalists; for instance it is not always possible to pre-determine
the density n in the H-mode. Certain regions of the parameter space are not
accessible for reasons of either gross MHD stability or available input power Pt. Thus
in section 3 of the paper we investigate correlations and collinearities between the
parameters in the database. It is found that there are fairly strong correlations between
plasma current lp, Pt and geometrical parameters. Furthermore, the dimensionless
physics variables p/a (larmor radius divided by scale length) and B are also correlated.
Collinearity between variables restricts the precision with which the dependence of 1g
upon such variables can be determined. In section 4 the scaling of tg is studied. First
H-mode enhancement factors for existing L-mode scaling expressions are determined.
Then both power law and offset linear models are used to fit the data.

Finally in section 5 of the paper the resuilts of the scaling studies are summarised and
predictions are given for the H-mode confinement properties in ITER. The contents of
this paper supercede the preliminary results which have been reported previously (),

DATA SELECTION AND MAIN FEATURES



Several different types of improved confinement regimes have now been identified in
a tokamak; supershots (4), ion cyclotron resonance heating (ICRH) of pellet fuelled
plasmas (5), etc as well as the conventional H-mode regime. The key characteristic of
the H-mode regime which distinguishes it from other enhanced confinement regimes
is the sharp reduction of the Hy emission during the auxiliary heating phase. Only
data from pulses which exhibit a clear reduction in the Hy emission are included in the
database. This key H-mode feature which was first observed during neutral beam
injection (NBI) heating of an X-point configuration on ASDEX (6), has now been
observed with most heating schemes such as ohmic (7), electron cyclotron resonance
heating (ECRH) (), and ICRH (8.10,11) and lower hybrid resonance heating (LH) (12),
It has also been observed in limiter plasma configurations (13.14.15), Only data from
NBI heating of X-point configurations have been included in the present release of the
database. The presently released database is identified as ITERHDB.1 to distinguish it
from future releases (updates will be made on an annual or as needed basis).

The detailed characteristics of the data and the reasons for its selection from each
machine are given in Appendix |. The main differences between the machines are in
the occurrence of ELMs. In JET there is usually a long ELM-free period ~ 1 second
(after the transition from the L-phase) in which the density n and radiated power Prag
increase with time. This period is then either terminated by ELMs or by a radiative
collapse back to an L-mode. In some of the other machines the initial ELM-free period
is usually very short or sometimes even non existent.

The ELM behaviour is also quite variable in each machine and hence is not easy to
classify precisely. The behaviour is divided into three classes: (1) ELM-free when
there is no observable ELM activity. This class is denoted by PHASE = H in the
database. (2) Small or grassy ELMs are denoted by PHASE = HSELM. These are
defined as irregular, usually high frequency very small Hqy spikes at a lower level than
in the preceding L-mode phase. (3) Large or isolated Giant ELMs are denoted
PHASE = HGELM. These usually have an almost regular low frequency and are
characterised by an amplitude that is larger than the preceding L-mode level.
Although the distinction between these three phases is not precise in most pulses the
labelling system has the advantage of being simple.

The six machines aiso have different divertor geometries, target-plates, limiter
materials and conditioning techniques. The required procedures to obtain a good
H-mode in the separate machines are described in Appendix |l.



Differences in the diagnostics of the six tokamak machines lead to variations on the
availability of some parameters. Hence the smoothing of the data and the error
estimates show tokamak to tokamak variation. Detailed information is given in the
database variable list of Appendix lil.

The variable list in Appendix Il is basically self explanatory; the units are all MKS with
temperatures in eV and the geometry is shown in Fig. 1. One key element needed for
the determination of the plasma thermal energy content Wy is an accurate estimate of
the fast ion energy content Wy. The latter is presented in two forms (variables 60-63 of
Appendix Ill). The variables WFPER and WFPAR denote the perpendicular and
parallel fast ion energy content obtained numerically from Fokker-Planck calculations
or Monte-Carlo simulations. Such calculations are fairly time consuming and are thus
only completed for a few representative shots. The results are supplemented by the
variables WFFORM (the total fast ion energy) which is obtained from an approximate
formula and WFANI which is an estimate of the ratio of perpendicular to total fast ion
energy W y/Ws.

The time points for data selection are chosen well clear of changes in the power input
but it is not always possible, as mentioned earlier, to choose steady state time points in
the ELM-free period for some devices. However, the time derivatives of the density
and the energies are given. Further information on the time development of the
parameters are shown in review sheets made for each shot. Typical examples from
each machine are shown in Figures 2-7. A complete set of these review sheets is
available for inspection at each participating laboratory (16),

2.1 The standard ITER H-mode dataset

The entire ITER H-mode database contains 3466 Ohmic, L-mode, and H-mode
time slices from 979 discharges. The H-mode data cover a wide range of
parameter space including some data with degraded confinement. A set of
selection criteria has been established to single out a subset of H-mode data.
The subset is referred to as the standard dataset. The selection criteria for the
standard dataset are:

1. Select H-mode only, with and without ELMs



2. Omit high radiation discharges, Prag/PT < 0.6 where Pt = Pps +

3. Limit fast ion content, W¢/W < 0.40

4, Omit degraded confinement due to sawtooth and beam deposition
effects.

5. Limit transient discharges, ~0.05 < W/P-r <0.35

6. Omit discharges with excessive MHD activity near a beta limit

The first criterion is accomplished by including only observations with phase H,
HGELM, or HSELM which eliminates all Ohmic and L-mode data. The criterion
discards approximately half of the JET and ASDEX observations and about
one-third of the JFT2M cbservations. Table | shows separately for each
tokamak the number of observations eliminated by each of the above criteria.
Since numerous observations can be eliminated by several constraints the sum
of eliminated observations is greater than the total.

There are special situations which occur when discharges with a high radiated
power fraction are eliminated. All PDX discharges and about two-thirds of the
ASDEX discharges have missing entries for Prag. However, the PDX and
ASDEX team members have estimated that these discharges comply with the
restriction that P.;4/Pt is less than 60%. Consequently all ASDEX and PDX
discharges with missing P a4 values have been accepted. Approximately one-
half of the DIll-D observations also have missing entries for Prag but do have a
radiated power trace on the review sheets included with the database e.g. see
Fig. 3. By examining these traces the DIil-D team found that data with Pyag
missing can be accepted apart from the following observations (shot number.
time): 062950.03100, 064446.03450, 064514.03150, 064514.02050,
064519.02060, 064523.02020, 062879.02490, 067801.02500, and
062881.02440. For JET data with P5q missing only the following observations
can be accepted: 017010.55800, 017010.56300, and 017010.56590.

The limit on the fast ion energy content is accomplished by the variable
WFFORM. ASDEX has no data for WFFORM (see section 4) but in the team
members opinion the fast ion fraction is less than 40% for almost all of the
ASDEX observations. Therefore, all ASDEX data with WFFORM missing have
been accepted. Some of the Dill-D data have WFFORM missing but the team
members indicate that these discharges satisfy the 40% criterion. With the



constraint on the fast ion fraction set to less than or equal to 40% only a few
discharges are eliminated from each machine. If this criterion is made more
restrictive then the ASDEX data are essentially eliminated entirely, since fast
ion fractions of order 30% were deemed quite possible in their data.

Transient observations are eliminated by constraining the ratio of W/PT. The

W/P-r constraint is applied to W determined from MHD fits and from diamagnetic
measurements (if available).

Another constraint is to eliminate discharges with degraded confinement due to
a combination of sawteeth and beam deposition effects. This is often discussed
in terms of degraded confinement at low safety factor . Work on JET (17) and
recent experiments on DIII-D (18) indicate that the proper parameter may not be
q but rather some function of Ip/Bt. On DIII-D the degradation of confinement
begins near Ip [MA)/BT [T] = 1 which for the typical elongations x corresponds to
Qos ~ 3 (q at the flux surface that encloses 95% of the total poloidal flux). Each
team has estimated the constraint for their machine needed to eliminate
degraded confinement. The selection criterion is qgs 2 3.1 for JET, ASDEX and
DUI-D, while it is qgs 2 2.7 for JFT2M. The effects being eliminated do not exist
in the PDX and PBX-M data and hence all values of qgs can be accepted for
these two machines. About one-third of the ASDEX data and one-fourth of the
JFT2M data are eliminated by this constraint. For JET some of the observations
do not have a qgs value. In these few cases the expression

W, 55:_21%(1+2K2} [1+§(—;ﬂ (1)

is used to apply the constraint. In Eq. (1) BT, R and a denote toroidal magnetic
field, major radius and minor radius, respectively. Only 27 JET discharges are
eliminated by this selection criterion. It has been decided to formulate a scaling
exprassion that applies only to discharges with no degraded confinement as a
result of sawteeth and beam deposition effects. Since at present it is not
possible to predict for future machines where this type of degradation will occur,
it is also not possible to determine the precise value of q above which the
derived scaling expressions apply.




2.2

The final selection criterion aims at eliminating those observations with
excessive MHD activity which also can degrade confinement. This type ot
activity is typically observed as the beta limit is approached in DIlI-D although
not all discharges near a beta limit exhibit excessive MHD activity. Since JET
and JFT2M do not operate near a beta limit the constraint is not necessary. The
constraint imposed is Bt < 4.0 x 10-8 {p [A)/a[m] Bt [T] for PBX-M and

Br 2.8 x 108 |5 [A)a[m] Bt [T] for PDX. For ASDEX the beta limit does not
influence the confinement scaling very much and the constraint does therefore
not apply. Before submission to the ITER database the DIil-D data have been
checked against excessive MHD activity by monitoring magnetic probe signals;
hence no constraint is required.

Several other minor constraints must be applied before the standard dataset is
complete. Peilet fuelled discharges are removed from the standard dataset (a
few JFT2M discharges) by allowing the PELLET parameter to be missing or not
equal to H or D when it exists. ASDEX data obtained with a carbonized vessel
are eliminated by not allowing the EVAP parameter to be equal to CARB. There
are a few observations with missing density (DIlI-D) and a few with missing
diamagnetic confinement data (JET) that survive the above selection. These
observations are also removed from the standard dataset.

The net number of observations in the standard dataset is 1239 (see Table I)
with a significant contribution from each tokamak. The parameter ranges
covered by the standard dataset for the database as a whole and for each
individual machine are given in Table II.

Dataset for offset linear scaling analysis

In section 4.4 an offset linear scaling model for the thermal energy content Wy,
is examined. The method of analysis is different from the regression analysis
applied to power law modeis. The dataset which is used in the analysis is
defined by another set of selection criteria. The resuiting dataset consists of 2
parts. The first part which forms the basis for the analysis is data selected from
the D-shaped open divertor tokamaks DIII-D, JET and JFT2M. The 2nd part
which is used for comparison is data selected from the closed divertor tokamaks
ASDEX and PDX and from the bean shaped open divertor tokamak PBX-M.



The following criteria apply to all machines: (1) only data with a phase of H or
HGELM are used; (2) since the thermal energy content is analysed instead of
the energy confinement time the degree to which the discharge is not in steady

state is restricted to IW/PTl < 0.2; (3) observations with a high fraction of
radiation Prag/Pt > 0.6 are omitted. In addition the following machine
dependent selection criteria are applied:

For ASDEX:
For Dill-D:

For JET:

For JFT2M:

For PBX-M:

For PDX:

CONFIG = DN (double null X-point); qgs > 3.
CONFIG = SN (single null X-point); qg5> 3.

CONFIG = SN; q*g5 > 3; omit shots with SEPLIM <0
including observations with missing SEPLIM values. (if the
distance between the separatrix and limiter is too small, the
characteristics of the confinement in the open divertor
configuration couid be affected).

CONFIG = SN; qgs > 2.7 (the window for the g-values is
widened, because the degradation of confinement is first
observed for qgs < 2.7); omit shots with pellets; balanced
injection with bucket ion source BSOURCE = 801010 and
0 < COCTR < 1. One of the best conditions for the H-
mode is observed with co-injection and duopigatron ion
source BSOURCE = 603010. However this parameter
region is too narrow so balanced injection with bucket ion
source is chosen.

CONFIG = DN; 3 <qgs < 4.
CONFIG = SN; qg5 > 3; DALFDV/DALFMP > 4 (the ratio of

divertor Dy emissivity to midplane Dy emissivity, see
appendix |).

The net number of observations in this dataset is 480. The D-shaped open
divertor part consists of 305 observations from DIll-D (102), JET (50) and
JFT2M (153). The other part consists of 175 observations from ASDEX (96),
PBX-M (54) and PDX (25).



COLLINEARITY AND REGRESSION STABILITY

One important aspect of regression analysis is the investigation of collinearity of the
regression variables. It can give an answer to (i) how reliably the regression
coefficients can be determined and (ii) how reliably a prediction for a new machine
can be made from the available data, both under the assumption that the postulated
model is correct.

A feature common of these two different problems is that a reliable determination may
be impeded by collinearity in the data, which means that some of the regressor
variables are to a high degree linear combinations of other variables. The effects of
collinearity resembie those of an instability of a system with respect to perturbations. It
is useful to distinguish between an instability due to a particular method of analysis
and an instability arising from the properties of the available data. Collinearity is
caused by little experimental variation in some of the regression variables e.g. By or
qeyl, and by correlation between regression variables, e.g. between Ip, P, and R. Both
these aspects have to be taken into account in order to determine how well-
conditioned the data are. Negiecting one of these aspects can lead to serious
interpretation errors.

3.1 Principal component analysis

A standard method for examining properties of multivariate experimental data is
to calculate principal components (p.c.'s) which are special linear combinations
of the original variables. Correlations between p.c.'s are zero. The
transformation matrix connecting the new and the old variables is orthogonal. A
regression model which is linear (e.g. power law) is invariant under any linear
transformation. However, the orthogonality condition simplifies and unifies
some interpretations. A familiar geometrical picture is to represent all N x P
values of the P regression variables as N points in P-dimensional space.
Expressing the data in terms of the principal components is equivalent tp
looking at the data in a new coordinate system in which the axes are formed by
the principal axes of the P-dimensional ellipse fitted to the first and second
moments of the data. See Fig. 8 for a 2-dimensional example. The smallest
p.c.'s correspond to directions in which the data are varied least; the standard
deviation of a principal component is proportional to the length of the
correspondidg half-axis of the ellipse.
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Two yardsticks that determine which p.c.'s are 'small' are discussed. The
choice of yardstick depends on the purpose of the investigation. For the more
physics oriented objective (i), the standard deviation Apc of each p.c. should be
large with respect to the standard deviation Ag of the measurement error in the

same principal direction.

There are serious collinearity problems for Ag ~ Apc. With Apc < Ae < 4Ape,
the regression coefficients obtained by an ordinary least squares (OLS) fit have
a non-negligible bias. In that case more advanced techniques based on
measurement error models (19. 20) shouid be employed. If Aoc > 4A4 the bias
along that direction is less than 1/16 ~ 6% of the regression estimate, which
shall be considered as negligible here.

From the engineering viewpoint (ii), it is important to have a small prediction
uncertainty for the new machine. Hence, it is preferable that the standard
deviation Apc of each p.c. is not smalil with respect to the distance A;Tgr between
the new machine (ITER) and the database averages of the regression variables,
i.8. (< log (lp) >, < log (n) >, ...), along the corresponding principal direction.

The larger the ratio A;Ter/Apc becomes the more uncertain the prediction is in
that direction. Given that about 95% of the datapoints projected on a particular
principal axis lie within 2Ao¢ of the database average, one may be inclined to
regard directions for which AjTgR > 4Apnc as relatively ill-conditioned for
prediction. It shouid be noted however, that the prediction uncertainty due to
those directions is precisely taken into account in the (OLS) prediction interval
for the new machine, provided that the type of model is correct and provided
that the standard regression can be trusted, i.e. Ae << Apc.

11



3.2

Condition of the standard dataset and subsets

The condition for various subsets of the standard ITER H-mode dataset has
been investigated. The restrictions leading to the standard dataset are
discussed in detail in section 2.1. Some of these are more oriented towards
isolating a regime in which a single physical process may be dominant (physics
goal), rather than towards covering all of the parameter space thought to be
relevant for future devices (engineering goal). For instance, the restriction qgs >
3 is an attempt to exclude discharges with degraded confinement due to
sawteeth effects, thereby simplifying the regression analysis. In as much as a
degraded confinement region (18, 22, 23) js exciuded, the usefulness for making
predictions for ITER, which has a relatively low value of qgs, is limited by this
procedure.

Tables Il to V summarise the results. Table Il gives the mean values, standard
deviations and the correlation matrix of the basic regression variables, all based
on a natural logarithmic scale. A distinction between ELM-free and ELMy
discharges has been made because the regression of the confinement time is
expected to be different for those two types of discharges (21.23), From Tabie Il
it can be seen that the correlations and the ranges of many of the variables are
considerable. It can also be perceived that the correlations in the ELM-free
dataset are usually somewhat higher than in the ELMy dataset.

Table IV is constructed from a principal components analysis of the covariance
matrix of the basic regression variables on a natural logarithmic scale. It means
that multiplication with a constant factor is considered equally important for B,
nx... etc. in Table IV, the column STD contains the square root of the
elements of the diagonalised covariance matrix. An entry gives 1 standard
deviation in absolute units of the corresponding principal component. Note that
if the regressor variables are measured with random error then an element of
STD estimates Apc + Mg instead of Apc. A row of the columns Log (Ip),

Log (BT) ...., Log (x) expresses a p.c. in the original variables. It reads for
example p.c.1 = .80 log (lp) + 0.10 log (BT) + ....., etc. Because of the
orthogonality of the transformation matrix the numbers in the ji" row can also be
interpreted as the direction cosines of the jth principal axis of the ellipse with
respect to the original coordinate axes, j=1 ,....., 7.



3.3

The two yardsticks discussed in section 3.1 are displayed in the columns ERR
and ITER. The column ERR gives the ratio between A¢ and STD along each of
the principal directions. It is assumed that the standard deviations of the non-
systematic measurement errors in I, BT, n, P, R, A, x are 1%, 1%, 5%, 5%,
0.5%, 1%, 1%, respectively and that the errors in these variables are
uncorrelated. Under this assumption, the column ERR estimates the ratio
between Ag and Apc + Ae. As discussed above, the bias of standard OLS

regression is estimated to be less than 6% and hence considered negligible if
ERR < 20%.

The column ITER gives the ratio between A;Ter and STD along each of the
principal directions. For ITER the design parameters (lp, BT, n, PL, R,

A, x) = (22, 4.85, 1.24x1020, 160, 6, 2.15, 2.2) [MA,T,m-3, MW, m, , ] are used.
Provided the model is correct, and ERR;jis small forj=1 ,......, 7, the prediction
error for the average confinement time of ITER at

the above design parameters is proportional to

Y1+ 2 TERS.

From Table IV, it can be concluded that the condition of the database is quite
reasonable as long as all 6 tokamaks are included.

There is of course always room for improvement: A linear combination of the
two least principal components which certainly for the ELM-free shots are hardly
distinguishable (their eigenvalues are almost the same) comes close to log
(Qeyi) which is relatively small for ITER. In the subset of the data where 14i3 is
available a problematic least principal component from both points of view
emerges and it is strongly associated with R, R/a, and x. This is largely due to
the exclusion of PBX-M and PDX. Without PBX-M it becomes very difficult to
disentangle the effects of the geometrical parameters within the present dataset.

Table V also shows that the two least eigenvalues and to a lesser extent also
the associated eigenvectors of the standard dataset are not too different from
those of the two separate datasets ELMs and no ELMs. Notice that for the
diamagnetic subset PRING and PRIN7 are swapped!

Selection of regressor variables

13



3.4

As a special topic in the area of selection of variables, it is discussed whether n
and Bt should be excluded as variables in a regression analysis. It should be
noted that neither Bt nor n is correlated with the problematic least principal
component that arose. Expressed otherwise, the same features as discussed
above persist if Bt and n are deleted from the variable list (see the first part of
Table V). For simplicity only the 5t p.c.'s are shown. Notice that if BT is
omitted, then the 5th p.c. corresponds nearly to a linear combination of the 6th
and 7th p.c. of Table IV. From collinearity considerations there is thus no reason
to drop Bt and n as regression variables. Other considerations are based on
the magnitude of the effect that the variables have on the regression. There are
the following possibilities: (1) If both Bt and n have a negligible effect on g,
then including or excluding them will not alter the other regression coefficients.
(2) It either Bt or n have a non-negligible effect on tg, then they should not be
excluded espaecially since the design values of ITER or CIT are not close to the
database average for these two variables. (3) If the dependence on By for
large values of I, is different from the dependence on Bt for small values of Ip,
then a simple power law scaling with no interaction terms is not adequate and
has to be adjusted. In this case it can be misleading to present any simple
power law either with Bt and n included or excluded. Problems of this type
occur in the standard dataset. The presence of interaction can be tested to a
reasonable degree by statistical methods. The experimental alternative would
be to have well designed Bt scans at various fixed values of the other plasma
parameters.

Condition of open or closed divertor tokamak subsets

it has been suggested that the type of divertor, i.e. open or closed, may have a
substantial influence on the confinement time (24, 25), To investigate this, a
scaling can be found for the open divertor tokamaks (DIlI-D, JET, JFT2M, PBX-
M). The prediction of this scaling for the closed divertor tokamaks (ASDEX and
PDX) can then be compared with the actual observations on these machines.
From the last part of Table V it can be seen that in the open divertor tokamak
dataset a problematic least principal component has emerged which is strongly,
but not exclusively, correlated with x. This should also be clear from elementary
considerations, as xis 1.4, 1.6, 1.85, 1.85 for the open divertor tokamaks
JFT2M, PBX-M, DIII-D, JET respectively but near 1 for the closed divertor
tokamaks. The situation is aggravated by the fact that in the ELMY dataset,

14



3.5

there arerelatively few (9) shots from JFT2M. Furthermore, in the open divertor
tokamak dataset x is strongly correlated with variables having a wide range.

Hence any statement on the relative position of the closed versus open divertor
tokamaks is essentially based on a postulated magnitude of the effect of x.

In Table VI the collinearity analysis is summarised for the open divertor
tokamaks when x is deleted as a regressor. As expected the situation for the
diamagnetic subset is rather bad from both points of view (measurement errors
and prediction for ITER), and it is due largely to the deletion of PBX-M. For the
ELMY H-mode dataset with tmhg available (Table VI versus Tabie lil) one
observes a significant deterioration of the condition of the subset of all open
divertor tokamaks with x omitted compared to the set with all tokamaks and x
included. ERR = 0.15 implies an estimated bias in the ordinary least squares
(OLS) regression coefficients of about 4%, whereas ERR = 0.25 implies that
this estimated bias is about 10%. However, for the ELM-free shots the condition
is roughly the same in both cases and ERR = 0.2, which means a roughly
estimated bias of 1/16 = 6%.

The conclusion is that if k is not included as a regressor then the condition of
the ELM-free dataset of all 4 open divertor tokamaks is satisfactory for OLS
analysis. Of course it should be mentioned that the results in that case depend
on a postulated x dependence (e.g. 0.0 or 0.5) which cannot be determined
from the present open divertor dataset. This is one way of approaching the
entanglement between the effect of x and the divertor type, the other way being
to infer the divertor effect from other experimental information. In any case,
open divertor H-modes experiments in low x machines would be the source to
provide the necessary complementary information. Such information may exist
in the PDX dataset for certain conditions (see discussion in Sec. 4 and
Appendix I).

Condition of ELMy dataset with JET data excluded

The deletion of JET data from the ELMy dataset leads to the results displayed in
Table VII. The interesting subset is the first part of the table (with ELM's and all
tokamaks except JET). From the point-of-view of measurement errors, the
situation is fine. However, there is a large prediction problem for ITER in the
direction of the smallest principal component, the distance of the center of the
database to ITER being 23 times as large as the spread (1 standard deviation)
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of the data in that direction. The conclusion is that leaving out the ELMy data
from JET would not be justified in the present context.

One could consider regressing the ELMy and ELM-free data together, but this
does not seem to be a good idea because the ELM-free and ELMy dita may
scale differently. Not only is the constant term different but aiso the dependence
on some of the plasma parameters. Furthermore, operating with and without
ELM's is a physically meaningful distinction for ITER (particle exhaust, divertor
load, etc.). Hence, the best thing to do is to analyse the ELM-free and the ELMy
datasets separately and keep the ELMy JET data in the analysis.

THE SCALING OF THE ENERGY CONFINEMENT TIME

In this section the scaling of the global energy confinement is determined in terms of
both the engineering variables lp, n, P, BT, a, R, etc and the dimensionless physics
variables v*, p/a etc. For the engineering variables both power law and offset linear
forms are used for the scaling expression.

In the analysis a total energy confinement time tg as well as thermal energy
confinement time iy will be used. These are defined as follows:

g = W/PL and tth = (W-Wy)/PL (2)
where the net input power P is defined as
PL = Pohm + Pabs - W (3)

and Wi is the fast ion energy. However, before any regression can be performed it
must be determined whether to use MHD or diamagnetic measurements for W, W, and

therefore tg. One choice is simply to use MHD values which are available for all
tokamaks and observations in the standard dataset (1239 obs). If only diamagnetic
values are used then the dataset is reduced to 693 obs. because diamagnetic
measurements are not available for PBX-M (26) and PDX (27) and the contribution from
Dlil-D is reduced by 40%. it is also possible to choose MHD from certain tokamaks
and use diamagnetic values from others without reducing the dataset. For example in
the regression analysis presented in section 4.1.2 it has been decided to use MHD
values for DIll-D, JFT2M, PBX-M and PDX, diamagnetic values for JET and MHD-like
values for ASDEX for the total stored energy. The MHD-like stored energy for ASDEX
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was computed from the diamagnetically determined stored energy Wgia in the
following manner

W = Wgia + 0.75 Wi (2-3 WFANI) (4)

with WFANI representing the fast ion anisotropy (W y/Ws). The ASDEX team has used
0.3 for WFANI and Ws has been represented by 0.04 x 1019 PABS/NEL."

4.1 Comparison with existing scaling expressions

The confinement times of the ITER H-mode database have been compared to
the confinement times predicted by four populary used L-mode scaling
expressions, Goldston (28), Kaye-Big (2), ITER89-P (29), and Rebut-Lallia (30). In
the analysis the following estimates of tg are used: MHD values for DIII-D,
JFT2M, PBX-M and PDX, diamagnetic values for JET and MHD-like values for
ASDEX.

The average enhancement factors for the standard selection (1239 obs.) are
1.65, 2.02, 2.11, and 2.35 for Goldston, Kaye-Big, ITER89-P, and Rebut-Lallia
respectively (see Table VIIl). For the Rebut-Lallia scaling Fr=2 (W = Fr x
electron energy content) and Zeyt = 3 were assumed. The enhancement factor
for the Rebut-Lallia scaling depends on Zegt. For Zgft = 2 and Zetf = 4 the
factor changes from 2.49 to 2.25. Unfortunately Zest estimates do not exist for
most of the tokamaks and therefore the comparison with the Rebut-Lallia
scaling is not strictly correct. The expressions, however, do not represent the
data well in that the standard deviations of the enhancement factors are 28%,
26%, 22%, and 42%, respectively, compared with less than 13% for the best
least squares fit to the data. This difference is statistically highly significant and
suggests that the parametric dependences of the existing L-mode scalings do
not represent those of the H-mode data very well. Figs. 9-12 show the
experimental values of the confinement time plotted versus the L-mode fit
values (after the enhancement factor is applied). It is clear that systematic
differences among the groups of data from the different tokamaks exist.
Therefore, the use of enhanced L-mode scaling expressions for extrapolation
purposes can lead to an uncertain and biased prediction.

1Using the MHD-like values instead of the experimental MHD values does not lead to a significant change in the
overall scaling.
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4.2 Power law scaling for H-mode continement

Regression analysis is performed on the standard dataset for a power law
model with global plasma parameters as the regression parameters. The
general functional form used in this section is

tg < 1,21 Br®B nn PP APA (R/a)% RERk % ()

with units of sec, MA, T, 1019 m-3, MW, and m respectively. The variable A =%

(Agas + Abeam) denotes the effective plasma ion mass number. An offset-linear
functional form is discussed in section 4.4,

4.2.1 Individual machine scalings

Before attempting to establish the a's of Eq. (5) for the standard datasst it is
assential to assess the dependences for the individual machines. If these
dependencies are similar for all machines, then a fit to the standard dataset
according to Eq. (5) has a straightforward interpretation. The regression is
performed with only lp, BT, n, and P|_ since size/shape parameters are not
significantly varied within one machine.

The individual machine results are shown for MHD and diamagnetic
confinement in Table 1X. The results of this study indicate no significant
difference between MHD and diamagnaetic for JFT2M and Dill-D but raise some
concem for ASDEX and JET (see Table IX). For some of the ASDEX and
JFT2M entries in Table IX, the uncertainties in ag are larger than the
exponents, and the change in ¢ of the fit when these parameters are removed
is not statistically significant. The DIII-D fits are not included in Table IX since
one-third of the discharges do not have a diamagnetic determination of W.
Although the MHD and diamagnaetic fits are similar for DIlI-D, they do not reflect
the true parametric dependence as is repregsented in Table X and are therefore
not displayed. For ASDEX, the dependence on global parameters is essentially
the same but the magnitude of the MHD tg values are systematically about 25%
larger than the diamagnetic values. However, since the fast ion distribution in
ASDEX is not isotropic (recall for ASDEX W, /Wi ~ 0.3), there is no reason to
expect that the MHD determined tg should be the same as the diamagnetic tg.
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For JET the MHD fit produces a 50% larger root mean square error (indicating a
significant increase in the scatter of the data about the fit) than the diamagnetic
results do for reasons not yet understood. Also the reason for the high B+ and
the weak current dependence in the MHD fit is not understood. Typically, linear
current scaling is observed experimentally during current scans (32), The JET
team indicate more confidence in the diamagnetic measurements. The choice
of using diamagnetic values for JET and MHD values for DIil-D and JFT2M, and
MHD-like values for ASDEX also raises some concern over the possibility of
biasing results due to the fact that diamagnetic and MHD measurements have
differing sensitivities to anisotropic velocity distributions which couid occur
through the fast ion distribution. Since the fast ion distribution in JET is nearly
isoti'opic (WFANI ~ 0.75), the difference between MHD and diamagnetic
measurements should be small and combining the JET diamagnetic
confinement with MHD and MHD-like confinement from the other machines
should not present any difficulties. If only diamagnetic data are chosen for all
devices then less data are available for DIlI-D and no data are available for
PDX and PBX-M.

Individual regression results for JET, DIlI-D, ASDEX, JFT2M, PBX-M and PDX
are shown in Table X. The fits are done using the uncertainties in confinement
time as indicated in Appendix Il and given below Table X. The resuits
displayed in the table indicate good agreement between machines on the
power scaling but a substantial variation is seen in the current and toroidal field
scaling. The large uncertainties in the exponents for PBX-M and PDX are due
partly to a lack of variation in the parameters. Another effect is that the assumed
error (25%) for these two machines is larger than that assumed for the other
devices. The JET result in Table X shows a weaker current dependence than
the other devices. It is also weaker than previously published JET (31.32) results
which are based on an ELM-free dataset that contains some but not all of the 5
MA shots. This result is, however, in agreement with the resuits (21.23) of an
analysis that takes these shots into account. The dependence of tg on torcidal
field in Table X varies considerably amongst the five devices from B10-33 in JET
to B1-0-20 in ASDEX but with a large uncertainty (here, we disregard the PBX-M
scaling since there was little variation in Bt in this dataset). For JFT2M and
Dill-D (and almost for ASDEX), the statistical uncertainty in ag is larger than the
estimate of ag and the change in the ¢ of the fit after removing Bt as a regressor
variable is not statistically significant. Experimental results from ASDEX (24),
DIII-D (32), and JFT2M (34) indicate that tg depends very weakly on Bt. JET (31)
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resuits show a similar scaling of tg with Bt as Table X, although a smailer
toroidal field dependence of B10-3 is supported by more recent data2. The
dependence of energy confinement on plasma density also varies from
machine to machine. For DIII-D there is a strong correlation between density
and current for cases where near steady state values of density have been
achieved and therefore the dependence of confinement on n and Ip can not be
determined simultaneously.

The variation in toroidal field and density dependence may be due to an
inadequate model. When performing regression analysis on a large group of
tokamak data taken over many years, the data can be taken under a wide
variety of conditions. It is quite possible that some unknown parameters, that
significantly affect tg, change over the years but they have not been included in
the power law expression of Eq. (5). Regression on such a dataset may
indicate trends that are not seen experimentally when a single parameter scan
is performed. On the other hand also in single parameter scans, hidden
parameters can affect the results. Hence, in case of a clash, the assumptions in
both approaches should be scrutinized in order to resolve the paradox.

Only the data from DIII-D and JFT-2M contain a few cases with a pure hydrogen
(H° = H+) H-mode. All other machines have either pure deuterium

(D° — D+) or an unknown mixture of hydrogen and deuterium

(H® = D+, D° = H+). The mass scaling that is determined in the fit for DIll-D
is A0-63 £0.05, Another source of uncertainty is that in the cases with a mixture of
hydrogen and deuterium the effective mass is assumed to be 1.5, the average
value. Because of the paucity of mass scaling information when.the standard
dataset of all devices is fit together, a scaling of A0-S is assumed (35), Since
there is no Z variation in the database, the dependence on this parameter could
not be addressed. However, it has been observed on DIII-D (33) that the helium
(4He) H-mode has the same value of tg as the hydrogen H-mode.

4.2.2 Regression on the standard dataset
Results of regression on the standard dataset are shown in the first category in

Table XI. The uncertainty in confinement time values assumed to derive the
errors in the regression coefficients is 17%, roughly the median of the

2 This data will be included in ITERHDB.2.



uncertainties given in Appendix ill. A striking result from this fit is that when the
data from all machines are combined together a very strong Bt dependence
results. As an aside, if the JET data are removed from the standard dataset the
strong toroidal field dependence remains. Note that for the standard case a
weak dependence on aspect ratio and hence minor radius (both at fixed R and
x), and a strong dependence on major radius is seen. This fit is displayed in
Fig. 13 with data from each device distinguishable. Data from each machine lie
reasonably close to the fit with the exception of PDX which exhibits confinement
values considerably below this fit. PDX has previously reported low values of 1
for small values of the compression ratio as reflected by the ratio of the divertor
Do emission to the mid-plane D, emission. The PDX data which are below the
fit in Fig. 13 are roughly consistent with this observation. The root mean square
error about the fit is 15.5%.

4.2.3 Regression on subsets of the standard dataset

We now consider the question of whether a scaling expression based on a
thermal confinement time yields any significant differences from one based on
total confinement time. Then regression results for ELM-free and ELMy data are
compared and finally whether there is a difference between open and closed
divertors will briefly be addressed.

The database contains the parameter TAUTH2 which represents the thermai
confinement determined by MHD. This confinement definition uses a thermal
stored energy computed from W-W; and an input power corrected for W and
power lost via fast ion charge exchange and unconfined orbits (PFLOSS).
Three machines (JET, ASDEX, DIli-D) can not use TAUTH2 either because Wy
or PFLOSS is missing or because TAUTH2 is computed with MHD values. For
these machines a thermal energy confinement can be estimated by muitiplying
the total tg used in the previous section by (1 - W¢W) without subtracting out
PFLOSS in the denominator, where now the value of Wy (WFFORM) represents
each team's best estimate of the fast ion stored energy computed from a formula
(typically from Stix (36) or Callen (37)) as opposed to being computed in a full
transport analysis. For PBX-M and PDX, the quantity Wy=3/4W; +3/2W}, was
subtracted. However the ASDEX data are not included since WFFORM is not
entered into the database. The thermal fit is also performed by adding ASDEX
diamagnetic tg (assuming tg ~ i for ASDEX) with no substantial change in the
results. ltis difficult to assess the uncertainty in WFFORM, and hence the
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thermal confinement time tx. A minimum uncertainty of 20% is estimated for
tth. Compared to the standard dataset fit, the thermal confinement fit, shown in
Table XI, differs most notably with respect to ag, oy, and a,.. There is no strong
evidence indicating that a thermal analysis yields totally different results from
the analysis with total stored energy. A separate thermal analysis of ELM-free
JET and DIlI-D data (32) from discharges of similar plasma geometry at constant
toroidal field yields approximately the same lp and P scaling as Table Xl but a
weaker size dependence of R1.48,

A comparison of ELM-free and ELMy datasets is also given in Table XI. The
ELMy dataset includes both giant (HGELM) and small (HSELM) ELMs. The
ELMy dataset yields a weaker current dependence and a stronger dependence
on notably the major radius than the ELM-free dataset. Each dataset contains
about the same number of observations but with a different mix of machines.
The current dependence in the ELMy dataset is substantially weaker than the
dependence seen in the ELM-free dataset in full agreement with an sarlier
investigation at JET (21). While the ELM-free dataset is more uniformly
represented by both large and small radius machines, the range in R for most of
the ELMy data is limited, with R between 1.3 and 1.7 m. However, it should be
recalled that the ELMy dataset is at least as well-conditioned as the ELM-free
dataset, as discussed in section 3. Note, that the sum ag + ay is roughly the
same in the ELMy and ELM-free case. This curious trade-off between Iy and Bt
dependence calls for further investigation. Ancther factor that may influence
the scaling of the ELMy dataset is that no quantitative characterization of ELMs
has been made. Therefore the HSELM and HGELM flags may not represent the
same type of ELM in each machine.

Finally, because there are two basic types of divertor configurations
represented by the six tokamaks the question has been raised whether there is
a difference between open and closed divertor H-mode confinement. To
address this question a dataset containing only open divertors, JET, DIlI-D,
JFT2M and PBX-M is analysed. Unfortunately, as mentioned in section 3.4 on
collinearity in the data, this dataset is poorly conditioned. In an attempt to
overcome this difficulty two fits are performed with a fixed siongation
dependence of k0-0 and x1.0. Both x dependencies fit the data about equally
well. However, with k0.0 the PDX data lies above and the ASDEX data lies on
the fitted line, and with 1.0 the PDX data lies on and the ASDEX data lies
below the line. Since the x dependence is unknown and its functional form



impacts the results of the open versus closed divertor comparison, it is not
possibie within the present approach to disentangie the x dependence and
the effect of open/closedness of the divertor on the confinement
time. The same conclusion was reached in section 3.4.

4.2.4 Regression on the ELM-free dataset

Of all the data groups examined the ELM-free dataset appears to be the best
candidate for further investigation since it is relatively well conditioned,
represents all machines, and does not have the etfect of ELMs. Previously it
has been mentioned that the standard dataset has a very strong Bt
dependence. It is clear from Table Xl that the ELM-free tg also has a strong
dependence on toroidal field. However, it should be remembered that toroidal
field scans at fixed parameters in individual devices show a weak or no
confinement variation. Therefore, in an effort to bracket the dependence of tg
on BT, four different fits to the ELM-free dataset are shown in Tabie XIl. The first
entry is a duplicate of the fit shown in Table XI while the next three have the
toroidal field dependence fixed at different values. These fixed values of ag are
0.0 (DIlI-D and JFT2M like), 0.30 (JET like), and 0.15 which is the average of the
two extremes. There is a statistically significant increase in ¢2 for these cases
indicating BTt or perhaps some other parameters yield a fit with less scatter
about the fit. However, since the toroidal field dependence has been shown to
be weak in individual machines it seems very unlikely that setting ag equal to
zero is the true reason for an increase in 2.

The values of oy, ag and ay in Table Xll tend to trade oft one another throughout
the different cases. However, since no machine individually reports a large
value of ag (with concomitant small errors), it is difficult to have a high degree
of confidence in ag = 0.69. Furthermore, it is also difficult to have confidence
in ax since as the value of ag is increased the value of a, also increases.
When ag is set to a small value, o responds by increasing to a value that is
observed by individual machines. The second smallest principal component of
the ELM-free dataset is Byx/R (see Tabie IV) which is consistent with the
correlated behaviour of ag and ay.

in the absence of a firmer conclusion on the toroidal field scaling, we set
ag=0.15. In addition, the PDX data, which has a strong dependence on I, and

the compression ratio, has been eliminated from the ELM-free dataset. For



these choices, the resulting ITERSOH-P scaling expression for total energy
confinement time is (Fig. 14)

g = 0.082 |p1.02 B10.15 P -0.47 A0.5 R1.60 -0.19 (6)

with units of sec, MA, MW, and m. The uncertainties in the multiplier and a's
are 0.005, 0.02, -, 0.02, -, 0.07, and 0.08 respectively, where '-' indicates that the
uncertainty is missing since the exponent was fixed.. Notice that the uncertainty
in the x dependence is large3. The density and aspect ratio variables are
missing in EQ. (6) because the error in the exponents are larger than the
exponents, .02 £ .03 and — .05 + .06 respectively, and there is no change in the
x2 of the fit with these variables removed.

4.2.5 Regression under alternate assumptions

To show how critically the resulting scaling expression depends on the input
data subset and various presuppositions, we now look what happens if we
revise some of the assumptions that led to Eq. (6). Specifically, we reconsider a)
the choice of WMHD and WDIA for the various tokamaks, b) the inclusion of
PDX data, and c) the restrictions on the By and A dependencs.

With respect to a), we wish to determine a zeroth order approximation to the
quantity that is the sum of the thermal energy plus a fixed contribution, W¢/Wi,
of fast particles. We will make a simple choice between WDIA and WMHD such
that all tokamaks are treated roughly equally with respect to beam anisotropy;
this leads to using WDIA for parallel injection and WMHD for perpendicular
injection. Since only Tmnq is available for PDX and PBX-M, we use tTmng for Dill-
D, PDX, and PBX-M, and t4iz for ASDEX, JET4, and JFT-2M. This salection
criterion is not based on the definition of stored energy that necessarily gives
the maximum value for each device.

Combined with the above selection, several additional corrections to the data
were made in order to minimize systematic differences among the machine

3Larger confinement values are obtained on the closed divertor ASDEX experiment (x=1). The
dependence has been studied on JFT-2M for limiter H-mode configurations. The enhancement of 1g was
found to be larger with larger x [44] (see also Fig. 24).

4We include JET in this group, as pencil code simulations at JET indicate a high degree of isotropy, and WDIA was
considered to be more accurate than WMHD.



datasets. The JFT-2M team considered WMHD during the ohmic phase to be
more reliable than WDIA, so for JFT-2M, we take during the H-phase
WDIA.=WDIA+(WMHDoh-WDIAgh). It shouid be noted that the same type of
ohmic offset correction was applied to the ASDEX diamagnetic data prior to
storing these data in the database. For ASDEX, PABS in the database equals
PINJ minus shine-through, charge-exchange, and bad orbit losses, while for the
other tokamaks only shine-through is subtracted. Since shine-through is
negligible in ASDEX, we take 1gia c=tdia(PABS+POHM-DWDIA)/(PINJ+POHM-
DWDIA)S.

As far as b) goes, despite the dependence on compression ratio, (see
dis¢ussion in 1.6), which might also apply to other tokamaks, the scatter in the
PDX data is not very much larger than in some of the other tokamaks (see Table
IX), so we left these data in.

Ordinary Ieast squares regression gives for the total standard dataset (n=1239)

1g = 0.025 |p0.753-,-0.6 P -0.55 A0.48 R2.09 neo.16(a/a)-o.05 x0.68
(7)

with an rmse of 13.8%, and for the ELM-free dataset (n=691),

tg = 0.026 15086 B10.6 P -0.57 A0.53 R1.83 g0.10 (a/R)-0.08 0.7
(8)

with an rmse of 12.9%, with the variables in the same units as in Eq. (6). The
standard errors of the exponents in the ELM-free case are
0.04,0.06,0.02,0.04,0.07,0.05,0.07,0.03, and are similar for the total standard
dataset. Plots of the observed fitted values for the ELM-free scaling are
presented in Fig. 15. In both the full and the ELM-free regression, there is a
marked Bt dependence. Residual analysis suggest that this variation is
systematic across machines and is not due to any particular sub-group of shots.

4.2.6 Summary of power law regression analysis

SThese changes will be made in the update (ITERHDB.2) of the present database, scheduled to be released in
Nov. 1891,



4.3

It is quite clear that the regression results depend to some extent on the chosen
subset of data. Some of the differences in the results shown in Table X! may be
due to the different physics aspects that each subset of data was attempting to
isolate. However, a common trend for all cases studied appears to be that the
confinement is most strongly dependent on R and weakly dependent on n and
R/a. Furthermore, the confidence in the dependence of confinement on P is
high since the variation in ap is small for the cases studied.

Several scaling relations have been given for the standard subset of the ITER
H-mode database for a variety of situations. Egs. (6) and (8) were developed
using slightly different parameter definitions and data selection for the ELM-free
dataset. These relations predict confinement times of 5.4 and 6.7 sec
respectively for an ITER design point of Ip=22 MA, Br=4.85 T, ng=1.24x1020 m-
3, 160 MW (heating + fusion) power, A=2.5 AMU, R=6 m, a=2.15 m, and x=2.2.
The differance between the two predictions may be related to the difficulty in
determining some of the regression coefficients. The dependence on Bt
remains a point of concern, as does the dependence on atomic mass and
elongation. In addition, it is also plausible to expect that there are other
parameters not included in the above scaling expressions that influence
confinement time. One such candidate for this is the open/closedness of the
divertor, as quantified for PDX by the ratio of the Dy signal in the divertor to that
in the midplane. Further work investigating this issue has been started. More
sophisticated statistical methods may be applied to refine, and possibly correct
at some points, the present approach. However, in view of the issues discussed
above, it would be most useful to improve the empirical basis of the present H-
mode dataset, especially by 1) extensive Bt scans, 2) low kappa experiments in
open divertor devices, 3) more extensive isotope experiments, and '4) a more
quantitative classification of ELM behavior. Furthermore, a careful scrutiny into
the reasons for conflicting results between particular single parameter scans
and analyses of larger databases is indicated.

Power law scaling expressed in dimensionless physics variables

In this section it is examined whether the thermal energy confinement data
satisfy the constraints imposed by plasma physics theory. These constraints
were first derived by Kadomtsev (38) and then by Connor and Taylor 39). if the
transport physics is described by the quasi-neutral high-B Fokker-Planck
equation, and the dependence on profile scale lengths can be neglected, then



the invariance properties of the basic equations demand that the thermal
energy confinement time 1, should be expressible in the form (38)

Tth=18 F(p/a v B.Qeyi - X-€. A) (9)

where 1g is the Bohm time, p/a the normalised larmor radius, B the plasma beta,
€ inverse aspect ratio, x plasma elongation, qcyt cylindrical satety factor and A =
1/2 (Agas + Abeam) the plasma ion mass number. The parameters which are not
directly available in the database are expressed as in reference (49) in terms of
available averages as follows:

1/2
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4.3.1 Regression model

The model used for 1 in the analysis is of the power law type
x1 X2 ,x3 x4 7
Tnocel= T8 (/A FY e O] A (1)

where x1 - x8 are to be estimated. Because 1g, p/a, v* and B themselves
depend on 1, ordinary least squares regression applied directly to the
variables in Eq. (11) would give misleading results. An easy way around this
problem is to introduce 4 variables Tg, P /a, v+, and B defined as in Eq. (10)
but with 14 left out. Using natural logarithms on all the variables the regression

model becomes linear and the power law expression with the 4 new variables
plus A, €, x, and qgyl is just a simple linear transformation of the regressor
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variables used in section 4.2 Eq. (5). Hence, by ordinary least squares, we
estimate x1, x2,... Then, the theorstical linear restrictions on x1, x2,...

can be translated into a linear restriction on x1, x2,... (or
equivalently, linear restrictions on ay, ag,...). In practice, the
theoretical constraints are tested by restricted least squares of T,
on the engineering variables, I, B,... (or on the auxiliary variables
T8, p /a, ...). Before proceeding with the regression, all variables are
standardised which implies that the constant (or intercept) drops out as a fitting
parameter.

4.3.2 Collinearity in data

A thermal confinemant time 1y and the variables in Eq. (10) and these
described in section 4.3.1 have been established for the standard dataset.

This data yield an intrinsic relation between minor radius a and A (small
machines-hydrogen, large machines-deuterium). The result is that the A
scaling is not well established. The dependence upon collisionality and beta is
difficult to determine as is the dependence upon Larmor radius because of
collinearity in the ITER H-mode data between the corresponding regressor
variables. Figures 16 and 17 show piot of these variables. The spread of the
data in the log E log v+ - plane (Fig. 17) is larger than that in the log p/a, log E
plane (Fig. 16) The approximate relations

log p/a ~0.8log B , log g ~-08log v * (12)

imply that trade offs between values x2, x3, and x4 (Table XIV) can be made if a
certain theoretical model is desired as fit to the data. it should be remarked '
howaever that the full width of the worst principal direction in Table XIV is £ 0.6
which is still rather large with respect to the measurement error in that direction.

4.3.3 Results from regression analysis
Tables Xlil and XIV summarise the results from an extensive saries of analyses.

Five theoretical models for thermal transport are considered and the resuits
from these are compared with an unconstrained model which naturally yields



the smallest root mean square error ¢ (or rmse). The latter is defined as the
square root of

L 2 3
o= N-8+Mj_1(°g" 199 Tmodel) | (13)

whaeare N is the number of observations and M the number of restrictions
imposed by the theoretical model in question.

The o's obtained by fits 10 tmnd, Tdia as well as 1y derived from MHD and
diamagnetic data are listed in Table XIll. The values of Table Xlil show by
statistical arguments, i.e. ¢ and 8o, that the theoretical models consistent with
the data are the high-p collisional and gyro-bohm models. For example tn
derived from diamagnetic data in the ELM-free dataset (693 obs.) can be
represented by the dimensionally correct scaling form which satisfies the high-f
Fokker-Planck constraint of Kadomtsev and that of the short wavelength gyro-
kinetic scaling (see Table XIV)

. 1 -015 130 .5 - 1.77 1.
th=475x10 7 tglp/a) vo o B0 &% 088 gfr A28 (14a)

with tg in seconds. The equivalent form in engineering variables is

215 03081 p-071 175 076 050 50.36 (14b)

Tth = 0.036 a Ip L

with units of sec, m, 1019 m-3, MA, MW and Tesla.

The thermal confinement time range for ITER predicted by the scalings in Table
X1V is (41)

423s< 1 <4.95s.
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4.4 Offset Linear Scaling for H-mode Confinement

An offset linear scaling for the thermal energy content Wy is determined for the
D-shaped open divertor tokamaks DIlI-D, JET and JFT2M. The predictions for
the bean shaped open divertor tokamak PBX-M and the closed divertor
tokamaks ASDEX and PDX are compared with the actual observations on these
machines. .

The analysis is performed on the dataset described in section 2.2 with the
following definitions of Wy, for the different machines:
Wih = WMHD - 1.5 x WFFORM x (1 - 0.5 x WFANI) for DIlI-D

(WFFORM = 0 assumed when missing), JFT2M, PBX-M and PDX;
Win = WDIA - 1.5 x WFFORM x WFANI for ASDEX and JET.

The power dependence of Wy, is depicted in Fig. 18 for the D-shaped open
divertor tokamaks. It is seen that the data can be described weil with the offset
linear form

Win=Wo +Tjpc P (15)

where P = Pans + Pohm - W - Prioss, With Piioss being power lost via fast ion
charge exchange and unconfined orbits (PFLOSS).

4.4.1 Incremental confinement time

The scaling of the incremental confinement time tinc is established first by
determining the dependence on Ip, n, Bt and A from JFT2M (42) data alone.
The size or R dependence is then obtained under that assumption from the
three machines data combined.

The current dependence of tinc for the JFT2M data is shown in Fig. 19a. Up to
currents of 250 kA (i.e. qgs > 2.7), a linear Ip dependence of tinc is seen. There
is a considerable collinearity between n and I and the dependence of tinc on
the magnaetic field is weak in the JFT2M data, at least for qgs > 2.7. Therefore
only lp is kept as a scaling variable. The result of the analysis is that the JFT2M
scaling for tinc can be written as
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o =lp A (16)

It is assumed that Eq. (16) is valid for DIlI-D and JET, (see Figs. 19 b-¢) and that
the remaining variation in 1tjnc is due to a dependence on R the geometrical
major radius. Under these assumptions the R dependence is as shown in

Fig. 20. Combining this result with Eq. (16) the scaling of tinc for the D-shaped
divertor tokamaks is

- -8 11.0 K0.87
te=2.9x10" 150 ROB7 VA (17)

in MKS units. It is noted that the uncertainty in the R dependence is increased if
the JET data with negative or missing values of SEPLIM are included (see
section 2.2).

4.4.2 Offset part of the energy
The offset part of the thermal energy is defined by

Wo=Wih = Tinc P (18)

The scaling of Wy is determined in 2 steps. Firs;t the dependences on Ip and Bt
are established. Then as before a scaling with R is obtained with these
dependences fixed.

In Fig. 21 the dependence of W, on Ip for fixed Bt in JFT2M, JET and DIII-D is
shown. Notice the dependence is almost linear. Similarly the dependence on
B for fixed Ip is shown in Fig. 22 for the 3 machines. In the ohmic discharges
on JFT2M it is found that W = I BT, Assuming Wy, = Ip® B1og it is found that a;
varies from 0.77 to 1.43 and ag from 0.56 to 1.0 for the three tokamaks. In order
to proceed to the next step in the analysis the averages of the exponents are
chosen i.e. it is assumed that

Wy = |p1.1BT0.91 (19)
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Under this assumption the remaining variation in Wy is shown against R in Fig.
23. Adding this R-dependence to Eq. (19) the following scaling for the offset
part of the energy is obtained

W°=00046 R1.9 181 BT0.91 ﬂ (20)

4.4.3 Offset linear scaling

Combining the results of Egs. (17) and (20) leads to the following offset linear
scaling (ITER90OH-O) of the thermal energy for H-mode

W, = 0.0046 A2 13183 A +2.9x10° 130 RO¥TVA P (21)

Figure 24(a) illustrates the scaling expression with the H-mode data from the
open divertor tokamaks. The root mean square error is 14.5% for this figure.
The scaling expression Eq. (21) is also compared with the data from other
configurations. Figure 24 compares Eq. (21) with the results in ASDEX, DIII-D,
JET, JFT2M, PBX-M and PDX.

The PBX-M data, which have an elongation of 1.6 and indentation of 0.15, fit
well. Only a few points of the PDX data fit this scaling. These points are
characterized by a large value of DALFDV/DALFMP and x = 1. Data from
ASDEX (x = 1) show slightly better values compared to Eq. (21). These
observations suggest that the offset linear scaling Eq. (21) should include a
dependence on x and divertor type (open or closed). Figure 25 illustrates the
distribution of the enhancement factor in ASDEX, DIII-D and JFT2M. The
abscissa is te normalized to the ITER89-P L-mode scaling expression. ASDEX
has clearly a larger enhancement factor and these three devices have similar
major radii.

It can hypothesized that the improvement is larger in tokamaks with closed
divertor than in those with open divertor. It has been found on PDX that a
change to the neutral pressure in the main chamber can lead to factor of two
difference in tg (43). Thus the conductance of the divertor throat affects the
confinement time. This has also been shown in ASDEX (24, 25),
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The dependence of the enhancement factor on the configuration may be more
clearly seen in the case of the limiter H-mode. In the case of the limiter H-mode
(such as in JFT2M (44), JT-60 (12) or JIPP-TIIU (14)), the L/H-transition is as clear
as those in divertor plasma, but the enhancement of g is smaller. Though the
quantitative study on the dependence of tg on the configuration is not
completed, the comparison of the resuilts in closed divertor, open divertor and
limiter suggests the importance of the configuration on the enhancement of the
energy confinement time.

5. SUMMARY

This report and its appendices contain essential information for potential users of the ITER H-
mode database.

A preliminary analysis of the database has been presented. It has been found that the ELM-
free data is well conditioned for predicting the confinement time in ITER, however there are
difficulties in predicting the ITER confinement time with ELMy data due to the sparsity of high
quality JET ELMy data.

Several scaling expressions have been given for the ELM-free and ELMy data under a
variety of different assumptions and data subsets. The power law forms (Egs. 6 and 8) yield
predicted global confinement times for ITER of 5.4 and 6.7 sec respectively. The estimated

thermal confinement data have been shown to satisfy to a high degree the high-p collisional
constraint of Kadomtsev as well as the short wavelength turbulence constraint. The predicted
confinement time for this power law scaling is =4.5 sec. Finally, the offset linear form
describing the thermal stored energy predicts an ITER confinement time of 6.2 sec. All
scalings are open to further improvement by future investigations.
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APPENDIX | - DATA FEATURES

1.1 ASDEX data

The ASDEX contribution to the ITER database consists of 1071 timeslices from 153
discharges. For each shot, 7 timeslices are provided: 3 ohmic, 1 L-mode and 3 H-
mode points. The three ohmic points are stationary. The third H-moc;e point in each
shot is chosen at maximal W, such that W= 0 (no abrupt drop in W). W has been
determined from a parabolic fit of the three available H-mode points (DWHC=0), or,
'set by hand' from drawing the right or left tangent to the WDIA time trace (DWHC=1).
In a number of cases, the value of WDIA was influenced by the choice of PHASE (with
or without ELMs). For the ohmic points and the third H-mode point in each discharge,
W has been set to zero. The ELM-free period usually being very short, all available

H-mode time points, except tfor a few, are during the ELMy phase.

All shots are tangentially injected NB shots HO —» D+ with the beams parallel to the
direction of the current (co-injection) from 2 main operating periods: (1) 1982-1984:
Before the introduction of the ICRH antenna. (2) 1985-1986: After the introduction of
the ICRH antenna, but before the hardening of the vessel. During both operating
periods, a closed, low by-pass divertor (DV 1) has been in use.

For all shots the radiated power at the stationary H-point it less than 30% of the
injected power. The offset in Bgia has been corrected for by constraining Bgia to be
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equal to Bmng during the ohmic phase. During the H-mode, Bmng has been
determined by subtracting the slightly larger (but better known) value of ¥2 during th

eohmic phase from the signal that measures Bmnd + #2.

The ranges of the most important plasma parameters are as follows:

0.2 MA < Ip[MA] < 0.45, 1.6T < BT [T] < 2.6, 1.0 < Pij [MW] < 3.6,
1.9<~n [10¥m3] <9.3,0.13 < nohm [101¥ m3] < 5, 2.2 < g¢y1 < 5.8.

Ten shots are with carbonised walls. All shots are divertor discharges, about halif of
them double null.

38



1.2 DIill-D data

The DIII-D contribution to the ITER H-mode database consists of 152 time slices taken
from 121 discharges. All discharges are single-null divertor discharges with the X-
point located at the bottom of the vessel, in the direction of VB x B. Nearly all
discharges are taken from the 1989 operating period with fixed vessel wall armor of
graphite tiles covering the top, inside, and bottom of the inconel vessel walls. The data
are collected from experimental run days where systematic parameter scans have
been performed for studying various aspects of H-mode confinement in DIII-D.

Almost all of the data is with deuterium neutral beam injection into deuterium plasmas.
There are. 13 time slices included with hydrogen neutral beam injection into hydrogen
plasmas so that a dependence of confinement on mass can be addressed. Cases
with mixed species, H° — D+ or D° — H+, are not included in order to avoid confusion
because the mix of species is not well known. Three exampies of ohmically heated
divertor discharges during L-mode phase are also included in the DIII-D database.

The data cover wide ranges in global parameters with 0.6 < Ip [MA] < 2.5,

1 <Paps [MW] <11,1.4<BT [T} <2.2,3<n [10¥ m3] <13 and 1.7 < x < 2.1 where
Pabs is the neutral beam power absorbed in the plasma and x is the plasma
elongation at the separatrix surface. The database includes values of qgs down to
three. Values below three are omitted because confinement deteriorates in that region
and the responsible mechanism(s) are as yet not understood. The data cover a wide
range in toroidal beta up to normalized values of 2.9, Bnom = B [%] a[m] Bt [T)/I [MA].
As the beta limit is approaching, near Bnorm = 3.5 for most cases in DIil-D, large
amplitude coherent and incoherent MHD activity is sometimes observed. This MHD
activity can result in an observable confinement deterioration so any high beta
discharges exhibiting significant MHD activity are not included in the database.

The ohmic power given in the database is determined from the plasma resistivity
assuming the electric field is constant across the plasma. An estimate of the volume
averaged electron temperature is obtained from the MHD value of total stored energy
assuming a dilution factor of one and Ze¢ is determined from central chord visible
Bremsstrahlung measurements. When calculated this way, the ohmic power does not
show significant variation due to transient events such as the addition of neutral beam
power or change in lp. This is often the case when Ponm is determined from a
measurement of the plasma loop voltage with an attempt to compute and remove
inductive effects.
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In general the data taken at a specific time slice are not averaged in time, with the
exception of MHD data determined from an equilibrium MHD code. Magnetic probe
information required as input to the MHD code is averaged over + 5 ms.

The majority of the data included in the database are taken from times of giant ELM
activity, which are also usually during a steady state period with respect to stored
energy and plasma density. During this phase of the H-mode, the fast ion fraction of
the total stored energy is usually small, 15% or less, particularly at high current where
the density is large and the slowing-down time short. Some timeslices are taken from
the ELM-free period of a discharge, which is typically after the L- to H-mode transition
but before the first giant ELM. During this period, the plasma density is still evolving
from the ohmic level which is typically well below, factor of two for high current, the
final equilibrium level, and the time derivative of stored energy is an important term in
the computation of confinement time. During the ELM-free period, fast ions can
become more significant due to the longer slowing down times asscciated with lower
density levels. At low current and high beam power, I < 0.8 MA and Paps 2 7 MW, the
fast ions can account for 50% of the total stored energy during the ELM-free period.
Accordingly, it is more appropriate to consider the thermal energy confinement time for
most ELM-free timeslices. Only at high current levels does the stored energy reach a
maximum and then decrease during the ELM-free phase of the discharge due to an
increase in radiation leveis associated with increased density levels during long
ELM-free periods. In these cases, the fast ion energy content is again a small fraction
of the total.

1.3 JET data

The JET contribution to the ITER H-mode database consists of 1171 time slices from
171 discharges There are 113 timeslices from 16 double-null divertor discharges and
1048 time slices from 155 single-null divertor discharges with the X-point located at
the top of the vessel, in the direction of the ion grad-B drift. For each discharge 3
ohmic reference points are given which amounts tc 513 of the 1171 time slices. The
discharges have been selected from the period 1986-1988. In 1986 only single-null
H-modes have been produced with no X-paint tiles present in the vessel; the innar
wall was covered by Carbon and single outboard carbon limiters together with 3
carbon framed ICRH antennae were present on the low field side. In 1987 carbon beit
limiters, 8 ICRH antennae and carbon X-point tiles were installed. Only a few
discharges have been included from this initial period with beit limiters. The main



selection of discharges is from the 1888 operating period where the inside of the
vesse! was the same as in 1887 but with improved boundary conditions due discharge
eonditioning of the interior. :

All of the H-mode data I8 with deuterium neutral beam injection Into deuterium

plasmas. The data cover wide ranges in global parameters with 2 < Ip [MA] <5.2,
3.1 <Pabs [MW] < 17,9, 1.8 <B7[T] <3.7, 1.85<n[101¥ md <«8.7and 1.7 < x < 1.9.

The range in qgs is 2.8-8.3 and no real evidence for confinement degradation has
been observed. The data with qgs ~ 3 are obtained in SMA discharges and the
confinament in these discharges Is lower than expected.

The ohmie power given In the database is very unoenain during NBI. In future
reloases better estimates calculated using the DIII-D approach may be provided,

in general the data taken at a specific time slice is averaged over 4 0.1 sec in time.
The majority of the H-mode data included in the database Is at times without ELM
activity. The characieristics of the JET ELM-free H-mode is that radiation density and
snergy keep increasing until the return of the L-mode phase. Howover, at loast one
timeslice per discharge with W/Pt < .3 is included. Mostly grassy ELM's are obeerved
on JET. In the database 105 timeslices are from H-modes with grassy ELM's and only
21 timeslices from H-modes with giant ELM'S, The observed giant ELM's are not as
regular as on other machings. Using & Fokkar-Planck solver to estimate the fast lon
enerngy content Wy it turns out that, to a good approximation, Wy = Png/<n», and that for
low denalty discharges the fast lon energy cantent can be a substantial fraction of the
total energy.

.4 JFT2M data

JFTZM data in the ITER H-mode database consists of 654 timeslices from 218
discharges. For each discharge, 3 time slices (chmic, W > 0 and W & 0) are provided.

Moat shots are examples of the typical ELM-free H-mode In JFT2M, except for & few
shots near the threshold power, The majority of discharges are open single-null
divertor discharges with the lon grad B drift direction towards the X-point and they
include scanning shets on throat length and minor radius. Only 7 shots with double-

null divertor configuration are included for comparigon.

The discharges have been selected from experiments betwaen 1985 and 1969, The
machine conditions are a little different for shots before July 1987 compared to the
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conditions for shots after that time. The main changes are that the inside wall surface
of stainless steel has been covered with carbon tiles to reduce metallic impurities, and
the composition of neutral beam ion source has been changed from one duopigatron
type and one bucket type to two bucket types to increase input power and also to
improve the proton ratio from 60% to 80%.

Only data on hydrogen neutral beam injected into hydrogen plasma and deuterium
plasma are included. In the case of deuterium plasma the dilution by hydrogen beam
reaches roughly 50%. Powaer scanning data from co-injection, counter-injection and
balanced-injection, as well as data for two ion source types and beam energy
scanning are included for comparison. The best data have been obtained for the co-
injection with duopigatron source.

The highest stored energy has been obtained by peliet injection. Therefore 4 shots
with hydrogen pellet injection into hydrogen plasma (20% better) and 3 shots with
deuterium pellet injection into deuterium plasma (30% better) are included for
comparison with gas puffing.

The parameter ranges are as follows: 0.116 < Ig[MA] < 0.291,0.78 < B1{T] < 1.4,1.0<
n {1079 m3]) < 8.6, 1.28 < x < 1.5, 0.2 < Paps [MW] < 1.6 and 2.2 <qgs < 5.5. The safety
factor qgs is calculated with an equilibrium code; however, it is about 10% lower than
the surface safety factor defined on a magnetic surface 5 mm inside the plasma, which
is a good variable to represent MHD activity in JFT2M. This means that the
degradation due to low q operation seems to begin at qgs < 2.7 in the JFT2M data.
Variables evaluated from magnetic measurements are averaged over 5 ms to cancel
noise (600 Hz) from thyristor power supplies. The diamagnetic energy Wgia have been
corrected with density scan data in the ohmic phase such that the absolute error in
Wiia is within 1-2 kd. Ponm is simply calculated as Vg x Ip, S0 it is not corrected for
the inductive part due to changes in . But the estimated error in Pohm may be less
than 20% at the selected times. P(ag inside the separatrix also has a 20% error,
because intense radiation around the X-point makes it difficult to separate the inside
Prad from the outside P;ag. The beam power into the torus is measured with a 2
dimensional calorimeter array and power losses are estimated from an approximate
formula which is made from results calculated with a Monte Carlo code for various
parameters corresponding to the JFT2M operational range. The uncertainty in
absorbed power Paps is less than 10%, however, the uncertainty in loss power Pioss
(CX loss and orbit loss) and fast ion energy WFFORM may be about 20%. The fast ion
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contribution to total energy content in almost all discharges is about 10%, except at
low density.

1.5 PBX-M data

The PBX-M dataset consists of 264 timeslices from 156 discharges. Both steady-state
(IW| < 0.1 P1) and non-steady-state (|W|= 0.1-0.3 Pt) discharges are provided. The H-
mode discharges in this dataset are taken from runs in late March and early October
1989 in a double-null, open divertor configuration. All discharges have deuterium
injected into deuterium with variable mixtures of perpendicular (Rian = 0.348 m) and
tangential (Rian = 1.30 m) beams into plasmas with Rg ~ 1.65 m and amig ~ 0.28 m.
The geometry of PBX-M is such as to present a high aspect ratio (R/a = 5.5) device.
The H-mode discharges cover a fairly narrow region of operating space, with 0.28 < Ip
[MA] <0.38, 1.3 < BT [T] <1.43,2<n [10'¥ m3] < 9, and 1.5 < Papg + Ponm [MW] <
5.3 (in some cases, Pohm<0). The latter two parameters, density and heating power,
exhibit a strong positive correlation. The PBX-M plasmas are slightly indented, 15%
on the outer flux surface, and the indentation is > 0 only on the outer several flux
surfaces. The elongation of these plasmas is ~ 1.6.

The PBX-M dataset exhibit distinct groupings of data. The discharges with giant ELMs,
typicaily occur at high power and they have degraded confinement. The H and
HSELM discharges, however, exhibit comparable confinement trends and values.

The second grouping is delineated by qgs = 4. The qgs < 4 discharges exhibit a
strong degradation of confinement time with power, going as tg = P-0-7 with power and

density being correlated.

Above qgs = 4, the confinement time degradation with power is less fierce, with 1g =< P-
0.25, In both regimes only density and power vary enough to be used as regressor
variables but in both regimes density and power are collinear. Because of the narrow
operating regime of PBX-M H-mode plasmas, multi-parameter scalings are very
difficult to determine. Nevertheless, the PBX-M dataset can serve nicely as an anchor
point for aspect ratio scaling.

1.6 PDX data

The PDX dataset consists of 154 time slices from 154 discharges. The H-mode
experiments in PDX have been performed during the year of 1983 in a single-null,
closed divertor configuration with the ion grad B drift towards the X-point. In PDX, all



four heating beams have been oriented in a near-perpendicular direction with Rizn =
0.348 m (Ro ~ 1.4m, a ~ 0.4m). Most of the contributed data are with deuterium into
deuterium, although there are 44 discharges with hydrogen injected into deuterium
plasmas. Operating parameter ranges for these discharges are 0.25 < Ip [MA] < 0.45,
1.0<BT[T]<2.0,25<n [1019 m3] < 10, and 1.5 < Paps + Pohm [MW] < 5.5. The

discharges are essentially in steady-state.

The relatively wide range of operating parameter space covered in these experiments
allows for studying the parametric dependence of the confinement time. in particular,
the species dependence can be obtained by comparing HO and DO injection. The
precise mixture of thermal H to D not being known, an effective mass, which is the
simple average of the beam and thermal mass species, is assumed.

The parametric dependences of the different types (H, HSELM, HGELM) discharges,
are approximately the same.

In addition to the parameter ranges discussed above, the discharges range in qgs from
2.5 10 4.0. No degradation of confinement is seen for qgs < 3 in PDX. Plasmas with
either hydrogen or deuterium injection exhibit a strong dependence on Ip (increasing
in a faster than linear fashion) and both sets exhibit degradation of confinement with
heating power. In general, for the same operating parameters, the DO injection
plasmas have confinement times approximately 40 to 50% higher than those with HO
injection. However, extreme care must be taken. One of the hidden parameters in the
PDX dataset is the parameter defined by the ratio of divertor Dy (div) emissivity to that
in the midplane Dy (mp). Larger values of Dq (div)/Do (Mmp) can be interpreted as
evidence for a more localized recycling in the divertor region. For the DO injection, a
75% increase in Dq (div)/Dgy (mp) leads to a 40-50% increase in confinement, helding
all other parameters fixed. The 40-50% higher confinement in DO relative to HO
plasmas is at comparable vaiues of Dy (div)/Dg(mp), and this improvement transiates
into an almost linear dependence of confinement on effective mass. The dependence
on toroidal field and plasma density is weak, although there is a significant collinearity
between Ip and Bt; interdependences among all the other variables are weak. The
confinement is seen to degrade strongly with power, going as P-0-7,

APPENDIX Il - OPERATIONAL PROCEDURES TO OBTAIN GOOD H-MODE
CONFINEMENT

1.1 General Comments



In each of the Tokamaks represented in this data base, a set of operating conditions
have emerged for which good (high confinement) H-modes are achieved in each
machine. These operating procedures may imply correlations in the data which
should not be ignored when obtaining scaling relations from the data.

The procedures to obtain good H-mode confinement in each machine can be divided
primarily into two categories:

a) Avoid large and frequent Edge Localized Modes (ELMs).
b) Obtain the threshold conditions necessary for the L to H transition.

The operational criteria that are followed to avoid large and frequent ELMs is
conveniently divided into 3 groups;

1) Edge fuselling source.
2) Impurity radiation.
3) Plasma position, area of interaction, and X-point location.

These are addressed separately below with the operational procedures developed by
each Tokamak group.

1.2 Edge Fuelling

It is widely observed that the H-mode confinement is degraded when the edge fuelling
source is excessive, usually by an increase in the ELM frequency and/or the return to
L-mode.

ASDEX

Low edge recycling is obtained by operating a closed divertor. Long ELM-free
periods are obtained with a closed divertor and after careful positioning of the plasma
inside the vessel. With an open divertor, the power required to obtain H-mode
increases and only ELMy discharges are obtained.

Dii-D

Low edge low fuelling is obtained via reducing the recycling by baking the torus and
conditioning the vessel wall with a ~5 min glow in He before every discharge; by



operating at moderate to low target densities (20 to 50% of the Ohmic limit); and by
normally turning off the cold gas fuelling at or before the L-H transition. The lowest
target density is limited by non rotating locked modes, and because these are more a
problem at high current and low q, these high current and low q discharges have a
higher target density. The power threshold also increases approximately linearly with
density.

JET

Good H-modes in JET are obtained with target densities approximately 2 x 1019m-3
for 3 MA discharges and 3 x 1019 m-3 for 4 MA discharges. At lower densities the
power threshold begins to increase. With carbon walls the best H-modes occur after
helium glow wall conditioning with lower power threshold and lower Zeff.

JFT2M

Titanium gettering is routinely used to reduce the recycling of the working gas. The
cold gas fuelling is turned off at the L to H transition. Higher target density provides
better results. Central fuelling with pellets in the L-phase results in peaked density H-
modes with better confinement. Better confinement with higher target density is
believed to be related to the ability to reach higher H-mode density before the
confinement degradation caused by impurity accumulation occurs.

PBX-M

Titanium gettering is used to reduce recycling. The gas feed is kept on after the H-
transition at a rate of 10-20 Torr- I/sec. Higher gas feed rates have been used to ward
off impurity build-up, but this results in increased recycling in the main chamber and
thus a degradation in the H-mode confinement.

PDX

Confinement improves as the recycling becomes more localized in the divertor;
accomplished by a) gas injection in the divertor region, b) low cold gas fuelling rates (<
10 Torr- I/s) kept constant through the transition, ¢) using the single nuil configuration
with the ion grad—-B drift in the direction of the single null. In addition titanium gettering
has typically been empioyed.



1.3 Impurity radiation

The ELM frequency generally increases with increased low-Z edge radiation. Low Z
radiation also increases the threshold power.

ASDEX

Clean plasma conditions lead to better confinement. Plasmas with the highest energy
confinement time in ELM-free phases are achieved with boronization, because the-
detrimental effect of impurity radiation is delayed. Also the longest ELM-free H-mode
phases are obtained with boronization. At present the boronized shots as well as
discharges with a very regular ELM frequency are not yet included in the data base.

Dil-D

A high level of low Z impurities (primarily oxygen) can prevent the transition to H-
mode, in the worse cases even at high input power. Helium glow conditioning
between discharges maintains a low and reproducible level of oxygen. The oxygen
level is monitored by a residual gas analyzer and if it is high (as perhaps after a severe
disruption), the glow is extended to reduce it to a nominally good level.

JET

Nickel concentration of approximately 10-3 and/or oxygen and carbon concentrations
above 1-2 x 10-2 prevent the H-mode transition. He glow conditioning is used to

reduce the iow Z impurities and the best discharges follow the He glow.

JFT2M

Titanium gettering is used to reduce radiation due to low-Z impuirities.

PBX-M

Titanium gettering is used to reduce radiation due to low Z impurities. Radiation from
metallic impurities is reduced by increasing the gas feed rate; however, this has the

effect of increasing recycling in the main chamber, and causing confinement to
degrade.
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PDX

Titanlum gettering is used and low Z radiation ls normatly not & problem, Maetallic
Impurity radiation ls reduced by increasing the gas feed rate; as in PBX-M, this has
howaver the effect of increasing recycling In the main chamber, and causing
confinement to degrade.

II.4 Plasma Position and X-point position
ASDEX

Best shots are obtalned with the plasma displacad outwards toward the outer well and
with the plasma diaplaced upward slightly to give a single null with the grad B drift
toward the dominant null. The X-point position does not vary significantly in ASDEX.

D30

The digtance between the last closed flux surface and the outer limiter is greater than
4-8 om, 10 minimize any intaraction with the outer limiter. If this ctistance reaches zero,
the H-mode phase terminates. Interaction with the inner iimiter seems to degrade
oonfinement only elightly If at . The distance between X-point and the divertor tiles is
typically 8 - 15 cm, although the confinement at most varies very weakly with this
distance. If the X-point moves too far outside the vessel (becomes well imited), a
slight degradation In confinement resulls from increased ELM sctivity. Also if XPLIM
becomes too large (~ 25 cmy), the ELM frequency increases and confinement is

appreciably degraded.

JET

Good H-modes are achieved with 5-8 cm. gaps between the plasma and outer belt
fimiter and inner wall, The main requirement seems to be that virtually all the recyciing
must oocur at the X-point region. The position of the X-point is in general very close to
the target tiles (< 10 cm). The X-point target separation depends on plasma current,

At Ip « 3MA, it can be 15 cm; at high plasma current the discharge lg marginally limited,

JFT2M



Good H-modes are obtained with the outer distance between separatrix and limiter
greater than § cm and throat length larger than 9 cm. The outer gap seems to be more
important than the inner gap.

PBX-M

The X-point is kept at a reasonably large distance from any material surface,

XPLIM > 14 cm. The midplane distance between the plasma and stabilizer plates on
the low field side and between the plasma and the pusher coil on the high field side is
quite small, ~ several cm. It is important to keep the plasma wall interaction small to
obtain good H-modes, and accurate position control is critical.

PDX

Plasma is displaced upward for the best conditions to give a single null divertor with
enhanced localized recycling.

I1.5 Threshold conditions
ASDEX

The power required for the transition to H-mode depends weakly on ng, |p and Bt. ltis
lowest under SN conditions with the ion grad-B drift towards the X-point and with
deuterium counter injection into deuterium plasmas (~ 1 MW). The threshold power is
higher for-hydrogen co-injection into deuterium plasmas (1.2 MW for SN and 1.8 MW
for DN). High recycling (open divertor, configuration DVII with bypass conductance
about 3 times neck conductance) increases the threshold to about 1.8 MW for SN and
to above 2.5 MW for DN. With dirty walls, the H-mode is obtained in the SN, but not in
the DN configuration.

DIll-D

The power threshold increases approximately linearly with ng and Bt. No low density
threshold is observed because the lowest densities obtainable are limited by locked
modes. A slightly lower threshold is observed with the X-point closer to the divertor
tiles. Deuterium injection into deuterium plasmas have a lower threshold than
hydrogen into hydrogen. In all cases the threshold condition is found to be
Te(edge)/Bt > 100 eV/T.



l1l.1 General

1. TOK: This value designates which tokamak has supplied the data. Options are
ASDEX, D3D, JET, JFT2M, PBX-M, PDX.

2. UPDATE: This value indicates the most recent update for any variable listed in
the database with the structure YYMMDD.

3. DATE: The date the shot was taken with the structure YYMMODD.
4. SHOT: The shot from which the data are taken.
5. TIME: Time during the shot at which the data are taken in seconds.

6. PHASE: The phase of the discharge at TIME. Possible values are OHM for
ohmic, L for L-mode, H for ELM-free H-mode, HSELM for H-mode with smail
ELMs, and HGELM for H-mode with large ELMs.

7. LHTIME: The time of the L to H transition in seconds.

1.2 Plasma composition

8. PGASA: Mass number of the plasma working gas. If the plasma working gas is
hydrogen then PGASA = 1, if the working gas is deuterium then PGASA = 2,
and if the working gas is helium (He4) then PGASA = 4.

9. PGASZ: Charge of the plasma working gas. [f the plasma working gas is
hydrogen then PGASZ = 1, if the working gas is deuterium then PGASZ = 1, and
if the working gas is helium then PGASZ = 2.

10. BGASA: Mass number of the neutral beam gas. If the neutral beam gas is
hydrogen then BGASA = 1, if the NB gas is deuterium then BGASA = 2, and if
the NB gas is helium then BGASA = 4.

11. BGASZ: Charge of the neutral beam gas. If the neutral beam gas is hydrogen

then BGASZ = 1, if the NB gas is deuterium then BGASZ = 1, and if the NB gas
is helium then BGASZ = 2.
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JET

H-modes are not obtained in JET at low density,. Good H-modes are achieved with
target densities of 2 x 1019 m=3 for 3 MA and 3 x 1019 m-3 for 4 MA discharges. In

sdidition the thresholkd power increases with toroidal fisid.

JFT2M

The power threshold for H-transition increases approximately finearly with qat q » 3.
There Is a threshold target density of about ne » 2 x 1078 m-2 t0 achieve H-mede. In
the case of hydrogen beam injection into hydrogen plasma, the threshold power Is
about 2 times higher than that for a deuterium plasma. ’

PBX-M

Threshold power down 0 0.75 MW (with co-injection). No trangition is obsserved with
counter-injection even with powers up to 5 MW. Large edge pedestals In Te and ne
after transition are seen only at higher Br (1.8T).

PDX

The threshold condition is Pgpe ~ 1.7 MW for lon grad-B drift either toward or away
from single null X-point. The transition is easier to obtain the transition in D° —» D+
than in D° — Ht+ or H® - D+, Algo, the transition Is more difficult to obtain the transition .

with (lower power) counter-injection. No apparent edge Te threshold is observed,

APPENDIX {il - VARIABLE LIST

The time averaging for the majority of data is & 2 ms for ABDEX, £ & ms for DII-D, + 100 ms
for JET, + 2.5 ms for JFT2M, £ 3.75 ms for PBX-M, and + § ms for PDX. MHD analysis from
DIl-D uses a full equilibrium fit. PDX uses & full equilibdum MHD fit for representative
discharges. Data from JET, PBX-M, ASDEX and JFT2M are obtained with a curment filament
approach except for some of the JFT2M variables (RMAG, Qos, Br + 0.5 §, Bp, B1y W) which
are oaloulated with a full equilibrium fit. In the variable list the abbreviation Na Is used if a
variable is not avallable and the normal level of accuracy of a variable is often given in
brackets without further explanation.
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111.3 Geometry

12.

13.

14.

1S.

16.

17.

18.

19.

RGEO: The plasma geometrical major radius in meters, from an MHD
equilibrium fit, defined as the average of the minimum and the maximum radial
extent of the plasma.

Normal level of accuracy is ASDEX (£ 0.5%), D3D (+ 0.6%) JET (£ 1%),
JFT2M (% 0.75%), PBX-M (1 0.65%), PDX (x 0.75%).

RMAG: The major radius of the magnetic axis in meters from an MHD
equilibrium fit,
Normal level of accuracy is ASDEX (x 0.5%), D3D (£ 1%), JET (x 2%),
PBX-M (£ 1%), PDX ( 4%), JFT2M (12%).

AMIN: The horizontal plasma minor radius in meters from an MHD equilibrium
fit.
Normal level of accuracy is ASDEX (x 1%), D3D (£ 0.5%), JET (£ 3%), JFT2M
(£ 3%), PBX-M (1 3%), PDX (£ 3%).

SEPLIM: The minimum distance between the separatrix flux surface and either
the vessel wall or limiters in meters from an MHD equilibrium fit.
Normal level of accuracy is ASDEX (1 c¢m), D3D (£ 0.5 cm), JET (= 1 cm),
JFT2M (£ 1 cm), PBX-M (x 0.5 cm), PDX (£ 1 cm).

XPLIM: The minimum distance between the X-point and either the vessei walls
or limiters in meters from an MHD equilibrium fit.
Normal level of accuracy is ASDEX (Na), D3D (£ 3 cm), JET (£ 5 cm), JFT2M
(£ 3cm), PBX-M (£ 5 cm), PDX (£ 5 cm).

KAPPA: The plasma elongation determined from an MHD equilibrium fit.

Normal level of accuracy is ASDEX (£ 1%), D3D (£ 1%), JET (£ 5%), JFT2M (£
10%), PBX-M (£ 10%), PDX (x = 1 for all records, + 10%). .

DELTA: The triangularity of the plasma boundary from an MHD equilibrium fit.
Normal level of accuracy is ASDEX (Na), D3D (£ 10%), JET (£ 10%), JFT2M (+
10%), PBX-M (+ 25%), PDX (Na).

INDENT: indentation of the plasma determined from an MHD equilibrium fit.

52



Normal level of accuracy is ASDEX (Na), D3D (Na), JET (Na), JFT2M (Na),
PBX-M (x 15%), PDX (Na).

20. AREA: Area of plasma cross section in m2 determined from an MHD equilibrium
fit.
Normal level of accuracy is ASDEX (+ 3%), D3D (t 3%), JET (£ 6%), JFT2M (=
5%), PBX-M (£ 10%), PDX (£ 5%).

21. VOL: The plasmas volume in m3 determined from an MHD equilibrium fit.
Normal level of accuracy is ASDEX (+ 3%), D3D (+ 3%), JET (£ 6%), JFT2M (£
5%), PBX-M (£ 10%), PDX (£ 5%).

22. CONFIG: The plasma configuration. Possible values are SN for single null and
DN for double null.

ASDEX: DN if vertical shift AZ is less than 5§ mm, otherwise SN.

D3D: DN if two nulls and the separatrix flux surface are inside the
divertor tiles and on the same flux surface within 0.25 cm.

JET: Determined by operation session leader.

JFT2M: DN if two nulls are inside the limiter.

PBX-M: DN

PDX: SN

i1Il.4 Machine condition

23. WALMAT: The material of the vessel wall with possible values SS for stainless
steel, IN for inconel, C for carbon, and IN/C for Inconel with carbon.

24. DIVMAT: The material of the divertor tiles with possible values SS for stainless
steel, IN for inconel, C for carbon, CU for copper and Tl for titanium.

25. LIMMAT: The material of the limiters with possible values BE for beryilium, and
C for carbon.

26. EVAP: The evaporated material used to cover the inside of the vessel with
possible values BO for boron, C for carbon, Tl for titanium and NONE for no

evaporation.

1.5 Magnetics



27.

28.

29.

30.

31.

32.

33.

34.

35.

BT: The vacuum toroidal magnetic field in Tesla at RGEO determined from the
TF coil current.
Normal level of accuracy is + 1% for all machines.

IP: The plasma current in amperes determined from an external Rogowski loop
with vessel current subtraction.
Normal level of accuracy is ASDEX (£ 2%), D3D (£ 1%), JET (£ 1%), JFT2M (¢
1%), PBX-M (£ 1%), PDX (£ 1%).

VSURF: The loop voltage at the plasma boundary in volits.
Normal level of accuracy is ASDEX (+ 5%), D3D (Na), JET (£ 5%),
JFT2M (1 5%), PBX-M (£ 50%), PDX (t 10%).

Q95: The plasma safety factor from the MHD equilibrium fit evaluated at the flux
surface that encloses 95% of the total poloidal flux.
Normal level of accuracy is ASDEX (+ 15%), D3D (£ 3%), JET (£ 10%),
JFT2M (£ 10%) PBX-M (+ 10%), PDX (£ 10%).

BEILI2: This quantity is determined from MHD and represents B; + 0.5 4, where
Biis the shafranov beta and } the internal inductance. Normal level of accuracy
is ASDEX (£ 10%).

BEIMHD: Beta Shafranov from MHD.
Normal level of accuracy is ASDEX ( 15%).

BEPMHD: Poloidal beta computed from the MHD equilibrium fit.
Normal level of accuracy is ASDEX (£ 15%), D3D (z .05), JET (Na), JFT2M (£
15%), PBX-M (x 20%), PDX (£ 20%).

BETMHD: Toroidal beta computed from the MHD equilibrium fit.
Normal level of accuracy is ASDEX (+ 18%), D3D (£ 0.05/8p), JET (£ 12%),

JFT2M (£ 10%), PBX-M (£ 20%), PDX ( 20%).

NEL: Central line average electron density in m-3 from interferometer. Normal
level of accuracy is ASDEX (+ 2%), D3D (£ 2 x 108 m-3), JET (¢ 8%),
JFT2M (£ 2%), PBX-M (£ 5%), PDX (+ 5%).



36. DNELDT: The time rate of change of NEL in m-3/s,
Normal level of accuracy is similar to NEL.

37. NEV: The volume averaged electron density in m-3,

ASDEX: Determined before shot 18023: from 4 interferometry channels
fitting
n(x) =n(1) + (n(0) - n(1)) (1 - x¥B, 0 x < 1, (£ 5%)
After shot 18023: from 16 radial YAG laser measurements fitting
n(x) = n(o)exp (ax2 + bx4 + cx8), 0 < x < 1, (£ 5%).
For ail volume integrations (NEV, TEV, WEKIN), a circular plasma

was assumed.

D3D: Determined by a spline density profile fit to the CO2 and Thomson
scattering density data (£ 10%).

JET: Determined from weighted summation over 6 interferometer
channels (+ 10%).

JFT2M: Determined from an analytic fit with fixed profile shape to 2

interferometer channels (+ 30%).

PBX-M, PDX: (Na).

38. NEQ: The central slectron density at the magnetic axis in m-3 determined in
same manner as NEV.
Normal ievel of accuracy if ASDEX (£ 10%).

39. NEOTSC: The electron density in m-3 determined from Thomson scattering.

ASDEX: Average of the 3 YAG laser channels closest to the equatorial
plane, (£ 5%).

D3D: Thomson scattering point that is closest to the magnetic axis (less
than 10 cms). :

JET, JFT2M, PBX-M, PDX: Na.

1.6 Impurities

40. ZEFF: Line average plasma effective charge.
D3D: Determined from visible bremsstrahiung, (+ 20%).
JET: Determined from visible bremsstrahlung, (+ 30%).
ASDEX, JFT2M, PBX-M, PDX: Na.

41. ZEFFNEO: Plasma effective charge as determined by neoclassical resistivity.
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JET: Determined using volume averaged quantities (+ 25%).
ASDEX, D3D, JFT2M, PBX-M, PDX:  Na.

42, PRAD: Total radiated power in watts as measured by Bolometer.
Normal level of accuracy is ASDEX (x 20%), D3D (t 15%), JET (£ 10-15%),
JFT2M (£ 10 - 20%), PBX-M (x < 25%), PDX (Na).

.7 Input powers

43. POHM: Total ohmic power in watts.

ASDEX: Determined from max {0, VSURF x IP}, (Ohmic: £ 5% H: £ 50%).

D3D: Calculated using CB10lp2V/(WTng). B1g is the line average
electron density. When ng is determined from the radial (vertical)
CO2 chord C is equal to 1.43 x 10-8 (1.37 x 10-8) (£ 15%).

JET: Corrected for inductance effects (+ 20%).

JFT2M: Calculated as VSURF x IP (£ 10%).

PBX-M: Calculated as VSURF x IP (£ 50%).

PDX: Calculated using VSURF and IP corrected for inductance effects (=
20%).

44. ENBI: Neutral beam energy weighted by power in volts. This quantity is
calculated from YEPyXP; where E; is the beam energy and P; is the beam
power for source i. ASDEX (primary energy component given).

45. PINJ: Total injected neutral beam power that passes into the torus in watts.
Normal level of accuracy for this variable is ASDEX (£ 10%), D3D (x 10%),
JET (2 6%), JFT2M (+ 5%), PBX-M (£ 5%), PDX (£ 10%).

46. PABS: Total injected neutral beam power minus shine through in watts. (For
ASDEX, total injected power minus shine-through, charge-exchange and orbit
lossess§).

Normal level of accuracy is ASDEX (+ 10%), D3D (+ 10%), JET (+ 10%),
JFT2M (< £ 10%), PBX-M (£ 10%), PDX (£ 10%).

47. PFLOSS: Amount of neutral beam power in watts that is lost from the plasma
through charge exchange and unconfined orbits.

6 PABS for ASDEX will be moditied 1o have only shine-through losses subtracted in ITERHDB.2.



ASDEX:
D3D:
JET:
JFT2M:
PBX-M:
PDX:

PINJ-PABS? (from fits to the FREYA code results, +30%)
Not yet in the database.

Set to zero.

From fits to Monte Carlo code results (+ 20%).

From fits to the TRANSP code resuits (+ 20%).

From fits to the TRANSP code resuits (+ 30%).

48. DWDIA: Time rate of change of the total plasma stored energy as determined
by the diamagnetic loop in watts.

ASDEX: Paraboilic fit to time evolution of diamagnetic beta Py over £ 6 ms
when DWHC = 0 (£ 20%). Set by hand from drawing the tangent
to the WDIA timetrace when DWHC = 1.

JET: Running average method over + 100 ms (+ 10%).

JFT2M: Simple derivative over 10 ms.

D3D, PBX-M, PDX: Na.

49. DWMHD: Time rate of change of the total plasma stored energy as determined
from MHD in watts.

ASDEX:
D3D:

JET:
JFT2M:
PBX-M:
PDX:

i1.8 Temperatures

As for DWDIA (1 20%).

A spline fit is made to W and this fitted curve is then differentiated
(£ 25%).

As for DWDIA (+ 20%).

As for DWDIA with 5 ms integration time.

(£ 10%).

(£ 10%).

50. TEV: The volume averaged electron temperature eV.

ASDEX:
D3D:
JET:
JFT2M:
PBX-M:

PDX:

From 16 radial YAG measurements fitting

Te(x) = To(0) oxp (ax2 + bx4 + cx8), (£ 5%).

Determined by a spline temperature profile fit to the Thomson
scattering data (+ 10%).

From 51 point ECE temperature profile ( 10%).

Na.

Volume averaged electron temperature computed from BETMHD,
VOL, NEL, assuming Zatt = 1 (£ 30%).

Volume averaged selectron temperature computed from BETMHD,
VOL, NEL, assuming Zggt = 1 (£ 30%).

51. TEQ: The electron temperature at the magnetic axis in eV.

7 PFLOSS for ASDEX will be modified to include only bad orbit and charge exchange losses subtracted in

{TERHDB.2.

57



ASDEX: From 16 radial YAG measurements under the same profile
assumptions as for TEV (£ 10%).

D3D: Determined by a spline temperature profile fit to the Thomson
scattering data (x 10%).
JET: From ECE temperature profile (+ 10%).

JFT2M, PBX-M, PDX: Na.

52. TEQTSC: The electron temperature in eV determined from the Thomson
scattering point that is closest to the magnetic axis.

ASDEX: Average of the 3 YAG laser channels closest to the equatorial

plane, (+ 5%).

D3D: Determined by a spline temperature profile fit to the Thomson
scattering data. (x 10%).

JET JFT2M, PBX-M, PDX: Na.

53. TIV: The volume averaged ion temperature in eV.

D3D: Determined by a spline temperature profile fit to the charge
exchange recombination data (+ 10%).
JET: Estimated from TIV = TIQ x TEV/TEQD (+ 30%).

PBX-M, PDX: TIV = TEV (+ 30%).
ASDEX, JFT2M: Na.

54. TIQ: The iontemperature at the magnetic axis in eV.

D3D: Determined by a spline temperature profile fit to the charge
exchange recombination data (+ 10%).
JET: From charge exchange recombination spectroscopy (* 10%).

ASDEX, JFT2M, PBX-M, PDX: Na.

1.9 Energies

55. WDIA: Total plasma energy in joules as determined from the diamagnetic loop.

ASDEX: Diamagnetic energy, 0.471Rgeo 10-6Ip2B; (dia), (ohmic: + 20%,
H: + 10%).
Normal level of accuracy is D3D ( 0.1/Bp), JET (£ 5%), JFT2M (£ 1-2 KJ in

ohmic).
PBX-M, PDX: Na.

56. WMHD: Total plasma energy in joules as determined by a MHD equilibrium fit.



57.

58.

59.

60.

61.

ASDEX: MHD energy, 0.471 Rgge 10-6152Bp (MHD), (ohmic: + 20%,
H: £ 10%).

Normal level of accuracy is D3D ( 0.05/8p), JET (£ 15%), JFT2M (x 15%),
PBX-M (+ 15%), PDX (£ 15%).

WKIN: Total thermal plasma energy in joules as determined from kinstic
measurements.

D3D: Normal level of accuracy is £ 0.05/Bp.
JET: From a profile fit assuming flat Ze¢ profile and T; profile as
Te (£ 25%).

ASDEX, JFT2M, PBX-M, PDX: Na.

WEKIN: Total thermal electron plasma energy in joules as determined from
kinetic measurements.
Normal level of accuracy is ASDEX (+ 10%, H: £ 15%), D3D (£ 15%), JET
(x20%). JFT2M, PBX-M, PDX: Na.

WIKIN: Total thermal icn plasma energy in joules as determined from kinetic
measurements.

D3D: Error £ 15%.

JET: From ECE temperature profile shape normalized to T; (o) from
crystal X-ray diagnostic (+ 15%).
ASDEX, JFT2M, PBX-M, PDX: Na.

WFPER: Total perpendicular fast ion energy in joules as determined from
transport calculations.

JET: Calculated from the PENCIL code (£ 30%).

JFT2M: From Monte Carlo code (£ 20%).

PBX-M: Calculated from slowing down formula and calibrated from several
representative TRANSP runs (+ 30%).

PDX: Calculated from slowing down formula and calibrated from several

representative TRANSP runs (£ 50%).
ASDEX, D3D: Na.

. WFPAR: Total parallel fast ion energy in joules as determined from transport

calculations.
JET: Calculated from the PENCIL code (+ 30%).
JFT2M: From Monte Carlo code (£ 20%).
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PBX-M: Calculated from slowing down formula and calibrated from several
representative TRANSP runs (+ 30%).

PDX: Calculated from slowing down formula and calibrated from several
representative TRANSP runs (+ 50%).

ASDEX, D3D: Na.

62. WFFORM: Total fast ion energy in joules estimated from approximate formula.

JET: From .16 x 1019 PINJ/NEV.

63. WFANI: Estimate of fraction of perpendicular fast ion energy as compared to the
total fast ion energy (+ 50%).

11.10 Energy confinement times

64. TAUDIA: Total diamagnetic energy confinement time (WDIA/(POHM + PABS -
DWDIA)) in seconds.
Normal ievel of accuracy is ASDEX (ohmic £ 25%, H £ 15%), D3D (£ 15%),
JET (£ 25% for Ohmic, £10% for H-mode), JFT2M (x 20%), D3D (1 15%).
PBX-M, PDX: Na.

65. TAUMHD: Total MHD energy confinement time (WMHD/(POHM + PABS -
DWMHD)) in seconds.
Normal level of accuracy is ASDEX (H £+ 15%), D3D (+ 15%), JET (x 35%),
JFT2M (£ 20%), PBXM (+ 20%), PDX (+ 20%).

66. TAUTH1: Thermal energy confinement time (WKIN/(POHM + PABS - DWMHD-
PFLOSS)) in seconds.
Normal level of accuracy is D3D (+ 25%), JET (x 35%).
ASDEX, JFT2M, PBX-M, PDX: Na.

67. TAUTH2: Thermal energy confinement time (WMHD-WFFORM)/(POHM +

PABS - DWMHD - PFLOSS)) in seconds. For both PBX-M and PDX, 3.4
Wi +3/2Ws was used instead of WFFORM.

Normal level of accuracy is ASDEX (+ 30%) , JET (+ 30%), JFT-2M (x 25%),
PBX-M (2 £ 30%), PDX (= + 40%).
D3D: Na.

itl.11 Extra information
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" 68.

69.

70.

71,

72.

73.

74.

75.

BMHDMDIA: Offset for ASDEX between diamagnetic beta poloidal and MHD
beta poloidal during the ohmic phase.

PELLET: Pellet material if a pellet has been injected.
JFT2M: Set to H or D.

ASDEX, D3D, JET, PBX-M, PDX: No pellets

COCTR: Fraction of beam power co-injected as compared to to the total beam
power injected.

BSOURCE: The power fractions injected by neutral beam e.g. Py = 80%, P2 =
10% and P3 = 10% then BSOURCE = 801010.

DALFMP: Dy emission on the mid plane for PDX.

DALFDV: Dy emission in the divertor for PDX.

DWDIAPAR: Time derivative for ASDEX of Wgia from a parabolic fit to the three
available H-mode points. DWDIAPAR has been used in calculating TAUDIA.

BEPDIA: Corrected poloidal diamagnetic beta for ASDEX from diamagnetic
coils averaged over the 3 ohmic points in the database, (£ 15%).

76. DWHC: = 1 when DWDIA and DWMHD have been corrected by hand for
ASDEX.
FIGURE CAPTIONS
Fig. 1 Definition of inverse aspect ratio, elongation, triangularity and indentation.
Fig. 2 Example of review sheet from ASDEX.
Fig. 3 Example of review sheet from DIiI-D.
Fig. 4 Example of review sheet from JET.
Fig. 5 Example of review sheet from JFT2M
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Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10

1

12

13

14

15

16

17

18

Example of review sheet from PBX-M.
Example of review sheet from PDX.

2-dimensional example of changing from coordinates (x4, x2) to principal
component coordinates  (yq, y2).

(@) tg versus 1.65 x Goldston L-mode scaling (28),
(b) Corresponding data frequency versus tg/(1.65 x Goldston).

(a) tg versus 2.02 x Kaye-Big L-mode scaling (2),
(b) Corresponding data frequency versus tg/(2.02 x Kaye-Big).

(a) tg versus 2.11 x ITER89-P L-mode scaling (29),
(b) Corresponding data frequency versus tg/(2.11 x ITER83-P).

(a) T versus 2.35 x Rebut-Lallia L-mode scaling (30) assuming Zag = 3 and F,
= 2. (b) Corresponding data frequency versus tg/(2.35 x Rebut-Lallia).

1g versus the resuiting fit from regression on the standard dataset.

tg versus the resuiting fit ITER90H-P) from regression on the ELM-free dataset
with the Bt dependence fixed.

1g versus the resulting fit from regression on the ELM-free dataset
for the alternate regression (Eq. 8).

The physics variables ﬁ versus S/a on natural logarithmic scale from the
ELM-free dataset.

The physics variables ﬁ versus v* on natural logarithmic scale from the ELM-
free dataset.

Thermal part of the energy versus input power for (a) JFT2M, (b) JET,

(c) DIII-D. Currents chosen are 135 kA, 170 kA, 210 kA, 255 kA (JFT2M), 2MA,
3.1MA (JET) and 1MA, 1.9MA (DIlI-D).
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Fig. 19

Fig. 20

Fig. 21

Fig. 22

Fig. 23

Fig. 24

Fig. 25

Incremental confinement time versus current for (a) JFT2M, (b} JET and
(c) DIN-D.

Size dependence of the incremental confinement time.

Offset part of the thermal energy versus current for (a) JFT2M, (b) JET and
(c) DIII-D. :

The magnetic field dependence of the offset part of the thermal energy for (a)
JFT2M, (b) JET, and (c) DIlI-D.

Size dependence of the offset part of the thermal energy.

(a) Comparison of the offset linear scaling with the data from D- shaped open
divertor tokamaks. Root mean square error is about 14.5%. (b) Data from
ASDEX, PBX-M and PDX are compared to the offset linear scaling. The
number of data points from each tokamak is given in brackets.

Distribution of the enhancement factor for (a) ASDEX, (b) DIil-D and
(c) JFT2M. Abscissa is the energy confinement time normalized to the ITER89-
P L-mode scaling expression.



Selection

Criteria )

Machine Total H- Prad Fast Low q W MHD Net

mode lons
ASDEX 1071 612 31 0 391 183 0 256
DII-D 152 3 10 1 4 7 0 121
JET 1171 513 606 0 27 322 0 286
JFT2M 654 218 100 2 160 46 0 231
PBX-M 264 0 32 4 0 7 7 216
PDX 154 0 0 15 0 9 2 129
Totals 3466 1346 779 22 582 574 9 1239
-
Table | Number of observations eliminated by the criteria (1-6) for each

tokamak.
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L-mode Scaling Mean Std. Dev. Min. Max.
(%)

Goldston 1.65 28.8 0.45 2.05

Kaye Big 2.02 25.9 0.40 1.91

ITER89-P 2.11 21.8 0.43 1.91

Rebut-Lallia 2.35 42.4 0.34 2.35

Table VIl H-mode enhancement factors (Mean) for different L-mode scalings

obtained from the standard dataset. For Rebut-Lallia scaling
Fr=2.0 and Zeff = 3. The standard deviation and range of the

ratio tg/(Mean x tL-mode) are given as well.

77




‘sjuetoyyeco voissesBel 1010 sy; uo wepe el sey INq ‘reymewos buness g pue | ey) sebueyo setewered sty Bupniou) | xipueddy w pessnosip
se ‘Jejewersed weuodw Ue eq O} PeUIULIBIep Sem 'Oife) UOISSedwoo jo JoTedIput Ue se ‘sueidpiw ey Ut Tey) of JOUeAlp eyl bl uoissiwe ©q eyl jo olel ey ¢

I xipueddy

Ul paIS) 648 31 peinNseew Ul SeNUIELIeUN POIRWIST 'SOIqEIIBA 105S8.08) Ul SIIUIBLeIUN UONEIASD PIEPUE)S

euo ese seseyuesed u seuug xdd Pue WX8d ‘Weldr ‘L3r ‘a-I1a ‘X3aSY 0} synses uoissesbes [enpinipul X e|qey
(r1-0) 201 (oro0)syro- (L00)v0o0 (91°0)6€0 (81°0) ¥E'L 0Lt 621 «(QHW) Xad
- (200) ve0- (L00)2eo- (sS0)6st  (L20)6v0 66 912 (GHW) nxad
(600)0t'0 (v00)890- (800)010 (190) 150 (600) €80 L'l L€ (OHW) weidr
- (v00) 190- (so0)sy0 (800)€s0 (90°0) ev0 €8 982 (wvig) 13r
(60°0) 090 (v00)2s0- (010)1z0- (2Z10)ort0 (11°0) 001 0'Gt ¥4l (gHW) g-na
- (r0'0) 05°0- (50°0) 800- (91'0)020- (800) €80 v'6 952 (e-QHN) X3asSY
d : |

vo 0 o 9 0 (%) 0 SUOJIBALISSqO yewex oyt

‘SSBUW 6A)}08)J6 U0 AJUO paureIuoD

BJED 8yl 85Ne00q poujwielop eq jou pinod buiess ssew eyl seleaput Yo sof Anue .-, v ‘il xipueddy

ul pojsy e1e 31 peinsesw Ul SeUIRLIOoUN pelew IS Se|qelJeA 10550001 Ul SONUIELIeoUN UOIIBIABD PJEPUE]S 8Uo
ese seseyjuesed ur seinug P Jjo PYWL seyle Buisn wz-14r pue ‘L 31 pue X3JSY 10} SiNses uoisseibes fenpiapul X1 elqel
(600)91'0 (v00) 290- (80°0)¥20 (190)690 (600) 850 €01 1e2 (eiq) weLdr
(600010 (v00)890- (800)01t0 (190) 150 (60°0) €80 Ll Le2 (QHW) weLdr
- (€0°0) 190- (e00)8v0 (S00)€50 (€0°0) €v0 €8 982 (eiq) 131
- (600)850- (0L'0)¥90 (91°0) 180 (210) SO0 12k 982 (QHW) L3r
- (v0'0) 250- (S0°0) ¥1'0  (91°0) 61°0- (80°0) 060 Lot 962 (exq) x3asv
- (#00) 150- (50°0) 920°0- (9L°0) 11'0- (80°0) 060 SL 962 (QHW) x3asv

Yo do up g0 o (%)o suoljeAlasqO

jeweyoj

78



‘Aurepeaun ey Aq pepinp 31 pelenoles eyl snuiw 31 paAIasqo eyl Jo 8senbs ey) JO WNs wnuIUNL 8y}

SE pouyep si ;X *(seseo je Joj 0§ 0= VD) S1esqns Juesslip Pue J8SEIEP PJEPUE]S UO SISAleue uoisseibei jo synsey  IX ejqel

8Ly (20'0) 080 (ovo)sse (200) ¥ 0- (200)250- (00020 (5001960 (¥00)8EO [8ys]
SW13

60 (60°0) 0270 (600) 16’k (90°0) 900— (200) ¥S0- (c00)600 (2000690 (¥00) ¥L0 (169]
ee)-W13

G6S (50°0) 8€0 (c00)gzz (s00)920- (200)120- (co0)oco (s00)6¥0 (€0°0) 220  [v96] sishjeue
jewsay )

966 (50'0) 020 (900)ogez (vo0)6L'0— (100)SS0- (20020 (v00) 160 (£00)sS0  [6£21])185B1EBD
pirepuejs

NN X0 Ho £/} d0 Up a0 n —w:0=m>h0wﬂou

Aioberen




“(seseo Jje 10§ 05°0 = ¥Y0) 80 U0 SIUIBASUOD JUBIBHIP YNIM 18SqNS 881)-WT3 8yl U0 uoissesbes wosy synsey  IIX elqey
6EY (200) 90 (600)26't (900)0v0- (200)250- (c0o0)600 (00)oco  (vO0) #8°0
L9V (200) 9t0 (60°0)26't  (90°0) 21’0~ (200)060- (c00)g800 (00)St0  (¥00O) 280
£0S (20°0) 220 (60'0)e6't  (90°0) v1'0- (200) 6v0— (£0°0) 800 0 (¥0°0) 160 (165)
169
60 (60°0) 020 (60°0) 16t (90°0) 90'0— (20°0) ¥S0— (€00) 600 (2000690 (¥0°0) #20 00J-N13

Ki106e1e9




Model NC MHD Dia MHD Dia H ELM
1E TE Tth Tth Tth Tth

Unconstrained 0 16.85 12.69 19.09 15.34 12.42 15.78
High-B coll. 1 16.91 12.69 19.45 15.49 12.43 | 15.77
Gyro-Bohm 2 16.92 12.80 | 20.55 16.25 12.66 | 16.59
Bohm 2 18.84 13.78 | 22.95 18.35 13.89 | 18.76
Res. MHD 2 19.92 1473 | 24.88 | 20.08 15.25 | 20.41
Ideal MHD 3 21.31 16.38 | 25.01 20.18 15.45 | 20.49
Table XIlI The rms error obtained for vanous theoretical transport modeis by

fits t0 Tmna, Tdig @S well as 1y, denived from MHD and diamagnetic

data. The last two columns refer to Ty, denived from diamagnetic

data for phase H only (693 obs) and for phases HSELM , HGELM

only (551 obs). NC denotes the number of constraints.
Model NC 1B p/a v* B € X A q
Unconstrained 0 0.68 | -2.21 | 008 | -1.38 | -7.46 | -1.58 | 1.13 | 2.39
High-B coll. 1 1 -1.77 | 0.12 | -1.33 | -7.49 | -1.53 | 1.16 | 2.19
Gyro-Bohm 2 1 -1 | -0.15}-130}| -558 | 053 | 1.29 | 1.77

Table XIV Exponents x1-x8 of Eq. (11) obtained from fits to ©, denved from
diamagnetic data in the ELM free dataset (693 obs.) for vanous
transport models. NC denotes the number of contraints.
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Definition of Plasma Shape Parameters
g=a/R (inverse aspect ratio)

d=c/a
i=d/2a

triangularity)

(

K=b/a (elongation)
(
(indentation)

Figure 1
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