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Abstract

From the equations which describe local transport in a turbulent plasma the scaling
of the local diffusivity with the plasma parameters may be established, By
appropriate choices of time and length scales for the turbulence it is shown that the
scaling of the global energy confinement can be cast in two limiting forms: a short
and a long wavelength scaling. The scaling laws consist of a leading term and a
function F whose arguments are the dimensionless normalised plasma collisionality
and beta. The scaling of the leading term in the short wavelength expression for
global confinement is shown to fit both JET L and H-mode confinement data. The
Junction F which describes the precise physical mechanism of the turbulence is
Jound to increase with collisionality but its dependence on the plasma beta remains
uncertain. Several theoretical models are found to be a reasonable fit to the JET
confinement data, however others such as DTEM can be discarded. The short
wavelength confinement scaling is shown to unify a multiplicity of existing
theoretical-empirical scaling laws by suitable choices of the function F. These
scaling laws all exhibit a similar dependence of F upon collisionality but have
different dependencies upon the plasma B . It is shown that for the JET data it is
very difficilt’ to determine the B dependence and this explains why so many
apparently different scaling laws produce reasonable fits to the data. Using the
leading term of the scaling, the fusion product can be extrapolated to reactor
conditions (ITER) with an uncertainty factor of 4. This uncertainty can be reduced
to + 30% by the use of a similarity technique in which F is determined directly
from the JET data.

1. Introduction

The scaling of plasma confinement in a Tokamak has been studied
extensively since the first scaling law was determined from T-3 [1 ] nearly twenty
years ago. The review articie by Hugill [2 ] surveys the scaling in ohmically
heated Tokamaks and in references [3 ] and [4 ] ohmic data from various
Tokamak devices have been used to establish empirical laws for scaling with
geometry, field, current etc. through inter-machine comparisons of data. From



studies of data on Tokamaks with additional heating, neutral beam heating
(NBI), ion cyclotron resonance heating (ICRH), electron cyclotron resonance
heating (ECRH), a large number of empirical scaling laws has been established.
Most of the scaling laws listed separately in references {5-18 ] will be examined
in this paper. These scaling laws have been derived by analysis of data obtained
on such Tokamak experiments as PLT, PDX, DITE, DIII, T-10, Alcator,
ASDEX, JFT-2M and the larger experiments TFTR, DIII-D, JT-60 and JET.

The anomalous transport observed in Tokamaks has been the subject of
many theoretical studies. Transport theories are based on the non-linear
saturated state of plasma instabilities but so far no single theory has emerged to
explain the variety of phenomena that are observed experimentally. All
theoretically plausible scalings for transport in a Tokamak plasma must satisfy
certain physical constraints and be expressable in terms of dimensionless
parameters [10,19 1. Such parameters with their physical interpretation can be
derived from the transport equations using the Connor-Taylor invariance
approach [20]. The work in this field has recently been reviewed by Connor
[21 ] ; this paper presents a complete survey of the constraints imposed on the
form of the local thermal diffusivity by various theoretical models of plasma
transport. Reference [21 ] together with references [5-18 J and JET data form
the basis of the work presented in this paper.

The starting point is the representation of a local thermal diffusivity y in a
dimensionally correct form. Most of the plausible theories for anomalous
transport in a Tokamak are characterized by plasma turbulence with frequencies
w<Q, (ion cyclotron frequency) and a short wavelength cut-off A»Ap.,. . The
long wavelength cut-off is theoretically less certain. Thus two limits are
considered : i) a short wavelength limit with A ~ p (a Larmor radius) and ii) a
long wavelength limit with A ~ L (large scale length like minor radius). In section
2 we show that for both limits the local diffusivity y scales as the product of a
leading term and a function F whose arguments are dimensionless local
parameters. Theoretically the function F is specified only when a physical
mechanism for thermal transport is chosen, e.g. some type of instability. The
leading term in the short wavelength limit exhibits the “gyro-reduced Bohm”
scaling while the long wavelength limit corresponds to Bohm scaling. Both limits
for ¥y are shown to yield scalings for the confinement time 7z in terms of volume
average plasma density n, toroidal current I, input power P, minor-major radius
a-R, elongation k, and a function F of global dimensionless parameters. The
dependence of 7z on F is weaker than the dependence of y upon F ; this makes
it more difficult to determine F from global data. F depends on dimensionless
parameters like collisionality v« , plasma beta f§ and ratios between characteristic
scale lengths such as aspect ratio ¢ = a/R. Both confinement scalings are applied
to JET data in section 3 and we demonstrate that the short wavelength leading
term can explain more than one order of magnitude variation in JET confinement

-2-



properties; the long wavelength leading term gives a poorer fit to the data. The
spread of data around the short wavelength scaling is mainly due to the variation
of the function F with v.. In section 4 it is shown that F increases with
collisionality v- which in JET experiments has been varied by more than four
orders of magnitude. The analysis of the variation of F with f§ is impeded by the
lack of variation of f in the data for JET (only a factor 10) and it has not been
possible to draw any firm conclusions about the § dependence in the confinement
data as noted in [10 7.

The first main result of our work is the identification of the leading term in
global confinement scaling as being that associated with the gyro-reduced Bohm
scaling of diffusivity.

The second result is that from the global confinement data we can determine
the functional dependence of F upon v« while the dependence on fi remains
uncertain. Section 4 shows that various theoretical models for transport caused
by instabilities such as the 5, mode, the resistive ballooning mode or collisional
drift waves can equally well fit JET data; however some theoretical models e.g.
the dissipative trapped clectron mode (DTEM), can be discarded on the grounds
that they do not exhibit the scaling with collisionality seen in the data.

The third result of our work is described in section 5. We show how a
multiplicity of existing scaling laws [5-18 7 can be transformed to the
gyro-reduced Bohm form by appropriate choices of the function F. The
transformation demonstrates that most existing scaling laws feature the same
dependence upon collisionality v* which is observed in the JET data. On the
other hand the scaling laws are found to have different dependencies upon [ .
This together with the uncertainty of the f dependence in the data explains why
a variety of scaling laws give a reasonably fit to the confinement data in JET and
other Tokamaks.

FFor ohmically heated plasmas the ohmic heating constraint further restricts
the functional dependence of 7z and the stored thermal energy W. Since it is
difficult to accurately determine the ohmic heating rate, we simply demonstrate
in section 6 that the measured stored energy W obeys the short wavelength
scaling.

A fourth result of our work is that the fusion product nTzg , where T is the
plasma temperature, can be extrapolated by the gyro-reduced Bohm scaling to
reactor conditions with an uncertainty of a factor 4. Section 7 shows that this
factor can be further reduced if the collisionality v- and [ remain fixed in the
extrapolation i.e. by using a similarity technique to determine F from existing
data. The representations of the off-set linear and the power laws for tz and the
L. and H-mode confinement regimes are all contained in the function F. The
similarity technique thus avoids the need to distinguish between these
representations.




In this paper we use a standard notation : subscripts i and e refer to ions and
electrons; W is the total stored thermal plasma energy which excludes the fast ion
energy due to additional heating; P describes the total input power

P = Poy + Puar + Picrn — "%\%L . SI units are used with temperatures in eV.

2. The leading term in Tokamak scaling laws

Global plasma confinement may be dependerit upon more than one single
physics process. Models for Tokamak transport [22-24 ] have allowed for
different transport scalings within different radial zones, e.g. sawtooth region, .
confinement region, edge region. The scaling of y with various plasma parameters
such as density n, temperature T, magnetic field B etc. may therefore differ from
one region to the next. The scaling of the energy confinement time results from

a convolution of the scaling of y in the various regions. From reference {25 ]the
convolution can formally be expressed as

T = jndvj jQ o = 32 (1)

nyV’ 4%

In the above expression Q(x) is the local heating rate where X denotes a
non-dimensional plasma surface label and V' is the derivative w.r.t. x of the
volume V inside surface x. The expression is in general an integral equation and
only in cases such as y being independent of temperature T can simple derivations
of ¥ be made [25 7. The definition (1) is the one we shall use in this paper to
obtain a scaling of 1z from that of ¥ .

It has been shown by Connor [21 ] that, with very minimal assumptions on
the equations describing local transport, the scaling of the local diffusivity y(x)
can be derived for turbulent fluctuations characterized by frequencies w<€2,; .
Such turbulent fluctuations are described by the non-linear ion gyro-kinetic
equation [26]. In reference [27 ] the scaling of y is derived from the application
of the Connor-Taylor scale invariance technique [20 ] . This scaling has the
following form for turbulence characterized by scale lengths A~ p; (the ion
Larmor radius)

L.
2 Vi vL j
XS - p L FS( Vth » ﬁa 4, & K, Lk ) (2)



Long wavelength turbulent fluctuations characterized by scale lengths A ~ L. (e.g.
minor radius) give the scaling

L,
L= PV Fil5—s 8,4, 6 K, L‘; ) (3)

The parameters of Eqgs.(2) and (3) are as follows : v, a thermal velocity, v a
collision frequency, § a local plasma beta, g the local safety factor, ¢ = ax/R, «
the flux surface elongation and L; and L, denote additional scale lengths like
shear length Lg, L,=(Va/n}?, Ly=(VT/T)! etc. Both Egs.(2) and (3) consist
of a leading term and some.function ¥ whose arguments are dimensionless. The
interpretation of the leading term in (2) is that of a step length of the diffusive
processes which is of order p and a timescale of order L /vy, ; for Eq.(3) the step
length is of order L and the time scale is the E x B drift time or the Bohm time.
Eqgs.(2-3) are very general and permit a vast number of possible scalings through
permutations of the variables p,, pi, Ver, Ve, va - EXpression {2) has recently been
used [22 ] in a local transport analysis of data from JET ICRF heated plasmas
with sawtooth-free periods (monsters).

In order to derive scaling laws for 1z we choose the following definitions for
the parameters entering Egs.(2-3)

2mamvy, Vin Vi v R

In Eqgs.(4) ps is the poloidal Larmor radius and f; is poloidal beta; the toroidal
fi; or the ratio between f and a stability value f8., are other possible choices for
S, but since F contains q and ¢ they are ail equivalent to f=f;. The choice of
L as respectively a (with v,; } and R (with v ) is arbitrary since the aspect ratio ¢
enters F. The definition of v- should also include qe 32 but no appropriate spatial
average of this quantity is available. The plasma parameters pq, v, vy, in (4) all
depend on local values of the temperature T.x) or T{x) .The latter two are
replaced by an appropriate average temperature defined as

T = 0

6n2enasz

in which n is the volume averaged density. We substitute Eq.(5) into i (4), Eq.(4)
into (3) and (2), insert for ¥ == ys or ¥ = yr in (1) and solve for 7z . This gives the
short wavelength scaling of ¢
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and the Jong wavelength scaling of 1
—1/2 12 , akR n 112
TE:TEL FL ) TELxcL aI (""""'_'P—) s FL = FL(V*,ﬁ,q,E,K) (7)

Both scaling expressions include a leading term tgs or 7z and a function F. The
dependence of 7z upon F is weaker than it is for y upon F . The exponents in
Eqs.(6-7) for minor-major radius arise from the choices of L. in (4). Different
values for these exponents in the leading terms (6-7) may emerge from an
inter-machine data analysis; neither minor radius a or major radius R have been
varied significantly in the JET data. The leading term 7z given by Eq.(6)
corresponds to the “Lackner” or plateau scaling law given in [18 1. The
arguments of F are the global parameters

4np3.2 3
R SW
V*:CI ‘a—]; n ) ﬁ:ﬁ].:_-——————z
W 3up R I
. . dra’kB _a b
q - qcyl - ,UORI , £ = ? 3 K = 7 (8)

The constants Cs , C. and C; in Eqgs.(6-8) can only be determined if an
association of py , v and v, with ions or electrons is made. [f we choose gy = pyp ,
v = V; and v = v,; then we get

205
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The dependence upon A, the ion-proton mass ratio, is very weak for the leading

term in the short wavelength scaling while in the long wavelength scaling there is
no A dependence. For C, we have fixed the coulomb logarithm at 16 and Z. at
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2. If the dimensionless parameters are associated with the electrons then m, will
replace m, in the expression for Cs and the mass ratio A will be excluded. For the
results presented in this paper A=2 is assumed since only JET data with
deuterium as the main and injected gas has been used.

3. Preparation and interpretation of JET data

Results from JET experiments recently surveyed in [28 ] include data from
several different operational scenarios as regards additional heating and plasma
configuration. We concentrate on two categories of data obtained during the
period 1986-89. The first category comprises ELLM-free H-mode confinement
data from NBI heated plasmas with an internal separatrix. The second category
is made up of data from NBI and ICRY¥ heated plasmas attached to toroidal
limiters. The data required for the scaling laws (6-7) is the volume averaged
density measured by a FIR interferometer (no profile fitting) and a, R, «
determined from magnetic analysis. The total thermal energy data is prepared
from diamagnetic measurements (Wg,) and from MHD fits to magnetic data
{(Waup) as follows. Both are related to the total stored thermal energy W via

- 3
Wae =W + 5 Wgy
, 3 ., 3
4 2

in which subscript fi refers to the fast ion components where the latter are due to
minority ions (mainly perpendicular component) accelerated by ICRH and ions
injected by NBI (nearly isotropic for JET). The fast ion energy component can
be expressed in the form Wj;= Pr, /2, where 7, is the slowing down time. A
separate analysis has given the following approximate fits

P
19 * NBJ

13 PICRH Tzlz
Wﬁ]CRH =1.90 10 h T (10b)

-7



The fits are then used to calculate the thermal energy W from Tthe
measurements. The values calculated from W, agree with those obtained from
W ump and in this paper data from Wy, is presented.

Table 1 summarizes the variation of the key parameters in the H-mode data
set. It can be seen that 7z varies more than one order of magnitude as do 7z and
7z . On the other hand v. varies by nearly four orders of magnitude and any
dependence of 7z upon v must therefore be weak. In order to demonstrate the
variation of 1z with the leading terms of Eq.6 or 7 it is essential to examine data
for which the arguments of the function F are approximately constant. Figures
la to 1d show the 1. and H-mode data plotted as log(tz) against log(res) and
log(tzr) . The data in the plots has been selected for two ranges of collisionality
0.001 < v« < 0.002 and 0.005 < v» < 0.01 and for two ranges of plasma beta

0.3 < f<0.5and 0.5<f < 1.1 (H-mode data)

0.1 < <03 and 0.3 < f < 1.1 (L-mode data)
Four symbols are used in the Figures corresponding to the above ranges. The
dotted lines in the Figures arise from linear regression fits to each of the
collisionality regimes. These lines have slopes of 1 in Figure la (H-mode data)
and Figure lc (L-mode data) for the short wavelength scaling given by Eq.(6).
In contrast the long wavelength scaling comparison produces slopes of 1.4 to 1.5;
it therefore does not fit the data. The difference between the slopes for the long
and the short wavelength scaling laws is diminished if the fast ion energy content
(Eqgs.10) is not subtracted from the measured W, and Wy - The data clearly
reveals the “banded” variation (via v- ) of 7 with the leading term 7zs . Each band
corresponds to a range of v» and the structures seen in Figures 1a to 1d indicates
a dependence of I¥ upon v~ . '

4. The F function

A simple representation of F which is also used in [21,27 ]1is

F(V*,B,q,é‘, K): Vi ﬁy (1161)

This expression for F will lead to the commonly used power law representation
of 7z as a function of n, I, P etc. However other forms of F are equally well
possible, ¢.g. an off-set linear representation of 7z as a function n, 1, P etc. such
as the Rebut-Lallia form [10 ]

12

2 12 9 14 p-12
F= v ﬂ (1 — 0.033 KUZSSHZ Vi B ) (llb)



We now examine the variation of F predicted by the various theoretical
transport models. These models have quite complex forms for F usually involving
L,, L, and Ly but for our purposes we shall use Eq.(11a) in the following. The
values of « and y are listed in Table II for the theories considered in [21 ] and
[34 1. The predictions of these theoretical models can be compared with the data
on F derived from Eq.(6). For convenience we define via Eq.(6) the following
function

— T
fS = FSzls(v*a B: qa £, K) == T;S' (12)

Figures 2a and 2b show JET H-mode data values of fg derived from (12) plotted
vs v- and vs § respectively. Figure 2a shows that fs decreases with v« and that this
decrease can be represented by any of the theoretical models in Table 11 that has
a non-negative value of o . Turbulence driven transport via DTEM or DTIM can
therefore be discarded as the resulting scaling has the wrong v+ dependence. The
S} dependence of f; is more difficult to establish since in the data f exhibits a
-relatively small variation. Figure 2b suggests that there is no apparent variation
with f#; indeed it is difficult to distinguish any variation to within —0.4 <y < 0.4
corresponding to slopes in Figure 2b of +0.16 and -0.16 respectively. Therefore
some weak fi dependence such as that of the resistive fluid turbulence theory
cannot be ruled out. A few of the theoretical scaling laws listed in Table II are
shown as dotted lines in Figure 2a. The solid line represents the best fit to the
data and corresponds to « = 0.4. This result is the same as that found in local
transport studies [22 ] in which data could be fitted for values of y ranging from
-1 to -0.3 in the outer half of the plasma. A recent study of local transport in
TFTR {35 ] has also shown that calculated values of y; and x. both increase with
v+ while the variation with § appears to be less certain.

On the basis of these investigations we cannot select one single theoretical

model as the best representation of the data. However a combination of models
may seem more plausible, e.g. collisionless trapped electron mode or #; modes in
the central and middle regions and resistive fluid turbulence in the edge region.
Such a combination of theoretical models would explain both the variation of F
with v- seen in Figure 2a and the spatial variation of /', i.e. y, found in [22].

5. Similarity of existing scaling laws

In this section we shall examine the similarity between 15 existing Tokamak
scaling laws [5-18 1 We insert the expressions (8) in Eq.(11a), substitute for F in
Eq.(6) and solve for 7z . The result is an expression of the power law form
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1y = Gt PRP PO P T (13)

in which the exponents y1 to y6 become functions of « and y ; the safety factor
q is also included and will be used below. The constant Cr depends on Cs (or
Cr ) and C, etc. Table 111 lists the expressions for the exponents yl to y6 in terms
of x and vy . We could have also proceeded from Eq.(11b) to derive a generic
expression for tz in the off-set linear form but the algebra becomes much more
involved.

Some of the scaling laws [5-18 1 are already in the form (13); for others
which employ the off-set linear representation we examine only the term that
describe the additional heating. In addition the scaling laws may depend on
magnetic field B, ion to proton mass ratio A and Z, . We ignore the latter two
dependencies since Z,; appears in Eq.(9) and scaling with A is only based on
A =1 and A =2 data. The safety factor g is used to replace B by the current I as
FEq.(13) does not contain B explicitly. Table 1V presents the actual values of the
exponents yl-y7 assigned to the 15 scaling laws when they are put in the form

of Eq.(13). A scan of the Table values shows that these laws are apparently quite
different.

To express each scaling law in the gyro-reduced from (6) we need to replace
the dependence of Fg on the four variables I, n, P and L (either R or a) by v#f* .
With just two free parameters « and y it is not possible to put any given scaling
law in this form exactly. However if we allow for small changes J; to the
exponents listed in Table IV then we can obtain the nearest equivalent
dimensionally correct scaling law. We minimise the sum of the squares of the
differences between the actual exponents (Table IV) and those corresponding to
the nearest dimensionally correct form. Each scaling law is then expressed as (L
is either a or R)

tp=tgs Fg2S L9 2% po

(14)

where the quantity 6* , which is minimised, is the sum of the squares of the
residuals d, and is given by
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The minimisation of 2 yields the values of « and y that are listed in Table V. It
can be seen that the residual ¢ is generally quite small and probably within the
error bounds of the exponents of Table IV.

The variation of F with v« , 1.e. o, for all the existing laws, except the last
two, is similar to the variation seen in Figure 2a; since several of the scaling laws
are based on data from smaller Tokamaks the dependence of F upon v is
therefore the same on these as it is on JET. In Figure 3 we show the variation
of fs with v- at approximately constant § for both the JET L-mode ( f§ =0.25)
and H-mode data ( § =0.35). The JET data i§ accompanied by the predictions
of the ASDEX [14 71, Mirnov {157, Shimomura [16 ] scaling laws shown as
dotted curves for both the L. and H-mode data. The dashed curve corresponds
to the Kaye-Goldston scaling law [8 ] and the solid curve represents the
Rebut-Lallia scaling law [10 ] expressed by Eq.(11b) for f§ =0.35. The curve for
the off-set linear law (Rebut-Lallia) can hardly be distinguished from the curve
of the ASDEX-~Mirnov-Shimomura power laws especially when errors on W are
taken into account.

Both the L and H-mode data in Figure 3 have f; decreasing with v» but the
H-mode data has higher numerical values of f5. This implies that the transport in
the bulk of the Tokamak plasma is the same; however in the edge region the
turbulence in the H-mode is at a lower level than in the L-mode.

From Table V we notice that three scaling laws, “Rebut-Lallia” ,
“"Merezhkin” and “Lackner” (piateali scaling) are rigorously dimensionally correct
while two laws “Kaye-big” and “T10” are approximately dimensionally correct.
However the “Merezhkin” and “T-10” scaling expressions do not fit the JET data.
The remaining scaling laws all have 0.37 < « < 0.54 and —0.5 < y < 0.6 which is
similar to the best fit of Figure 2a and to the result found in {22 7. The similarity
between the scaling laws is brought out by the variation with v« rather than that
with f . In summary all of the scaling laws which give a reasonable fit to the data
have a similar variation with collisionality v- and it is the variation with ff that
leads to the large multiplicity of scaling laws.

For completeness we have also repeated the above procedure for the long
wavelength turbulence form given by Eq.(7); the values of «, y and ¢ are given in
Table VI. The results are not too different from those obtained for the short
wavelength scaling but the range for a is narrower ( 0.22 < o < 0.39 ) and that for
v is broader { —0.44 < y < 0.94 ). One other point to notice from Table VI is that
the residual d is very small for both the Goldston {5 ] and the Neo Kaye [11]
scaling laws.
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6. Ohmic scaling and constraints

The ohmic power input is expressed as
' 2 2R
Porr = Ry 1" Ry =gy = Mgs ™M

12 172
B C, c_ ml/2 et Zy log A,
U T -

T2 7 36 (2n)°?

Experimental values of Poy can be derived from analysis of magnetic data. This
involves a model for the plasma internal inductance ¢; and its time derivative. In
practice this estimate for Poy turns out to be too inaccurate to allow for
comparisons between ohmic 7z data and the scaling laws of section 2. Instead we
compare ohmic data on the stored energy W with the product Pogtes . Provided
the time derivative dW/dt is negligible compared with Poy we can insert Eq.(5)
for T to get the equation linking P to W

Poy = Com akPRPPPEWT2 = 2, (62°¢)

(15)

Expression (15) can then be used to eliminate P from the scaling law Eq.(6). The
result is the short wavelength scaling for ohmic plasmas

WgH _ Cgﬂ IEILIR e n?’“IFE”“ (16)

This particular scaling has also been derived in {10 ] The numerical value of the
constant in Eq.(16) is evaluated for Z; = 2 and log A, =16

cof = ey = 1847107"°

[Vs]
We can again use the representation Eq.(11a) for the function F to derive power
law expressions similar to Eq.(13) for ohmic plasmas. The relationship between

the exponents yl to y5 in terms of the parameters « and y are for completeness
listed in Table II1.

From a large amount of JET ohmic data obtained during [988

(approximately 10000 sets of data) we have selected data which satisfies the
following steady state constraints
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<ol mwy, T <o1p,,

dt

Wy
dt

where W denotes the poloidal field energy. The above restrictions yield appr. 800
data values of W = Wy, . Figure 3 shows how this data fits the scaling given
by W¢¥ and we have included actual JET data on Z (visible bremsstrahlung
measurements) in the definition of Coy rather than the number 2 used for the
numerical value given.

7. The scaling of the "fusion product” by similarity techniques

We can obtain a scaling for the fusion product nT tz by using Eqs.(6) or (7).
The scaling represents an appropriate global value of this product since it
includes the volume averaged density, the temperature defined by (5) and the
global confinement time. The axial value of the fusion product will of course be
somewhat larger than the global value. For additionally heated plasmas the short
wavelength turbulence scaling results in

2

: C
(W Tp)g = i 2615, 1i5 g LIS 6/5 (8] FEMS p-l/s

6n’e

(17a)
There is a weak dependence of this product with power P. The ohmic case gives

(COMyTP2 .
0 Teg)9" = _CST all/8  1/4 1918 302 p=T18 (175)
on %

The highest axial value of this product obtained on JET (#20981) is

(np T, 75 )2 = 8107 [mkeVs)

measured

This value has been achieved in double null separatrix plasma configurations
exhibiting H-mode confinement. The measurements show that the high value of
the fusion product is achieved transiently for a period of 0.3-0.4 seconds. During
such a transient period the net input power of 18MW (NBI} is reduced to 10MW
because the time derivative of W reaches 8MW. For L-mode confinement we use -
JET pulse 20367 with a limiter plasma and both NBI and ICRH. These two
pulses both have a high fusion performance and represent the two different
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modes of operation in JET. We now use the data to make extrapolations to the
reactor regime.

As reactor parameters we choose those given by the ITER team in the design
study {36 ] . Table VII lists all principal parameters for JET pulse 20931
(H-mode confinement), JET pulse 20367 (L-mode confinement) and for ITER the
L-H mode analogues. We apply a similarity technique in the extrapolation in the
sense that both confinement modes in ITER have values of the arguments v+ and
B which are similar to their JET counterparts hence the values of F obtained on
JET in the two pulses are used for ITER. The advantage of using a similarity
technique is that it avoids the uncertainty in 7r associated with the f§ dependence
of F. Furthermore the similarity technique eliminates the need to make a choice
between an off-set linear scaling law [9,10,17 7 and a power law [5,7,8,11-16 ]
both of which have been widely used to characterize the dependence of 1z with
input power P. As emphasized earlier the function F embodies both these forms.

The implications of the similarity technique are as follows. We must adjust
the input power P and average plasma density from the values quoted in
reference [36 ] to maintain the same collisionality v« and § . The quoted ITER
values for elongation x and the safety factor q., lie outside the range explored in
JET experiments. In order to make an acceptable extrapolation from the two JET
pulses we therefore assume an ITER value of q,, of 2.42. This means that the
plasma current is 17MA instead of 22MA. The results of the extrapolation from
JET to ITER are also given in Table VII. The L-mode operation of ITER with
the parameters given should therefore yield sub-ignition performance with a
Ouperma OF Order 1 whereas H-mode operation of ITER should establish a Querma
slightly above the ignition threshold. In deriving Quema We have assumed that the
profiles of n and T obtained in ITER are the same as the analogue JET pulses;
this assumption should be guaranteed by the use of the similarity technique.

8. Conclusion

In this paper we have studied that scaling of the confinement time which
arises from thermal transport in a turbulent plasma. The scaling is expressed by
a leading term which characterises the turbulence length scale and a function F
describing the source of the turbulence. Two limits have been considered: a short
and a long wavelength limit, each limit denoting that wavelength at which the
energy loss dominates. A one order of magnitude variation in JET confinement
data is found to be well described by the short wavelength or gyro-reduced Bohm
scaling. The long wavelength or Bohm scaling does not fit the data.
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The uncertainty in the variation of the function F with § makes it very
difficult to precisely identify the physical mechanisms which account for the
observed transport in a Tokamak. However, because F is observed to increase
with v. , theoretical models such as DTEM which predict a strong decrease of ¥
with v+ can be eliminated. Of the remaining theoretical models, collisionless drift
waves, the n; mode or resistive fluid turbulence, no single model is a particularly
good fit to the data but within the error bounds of the analysed data they are all
possible candidates. A combination of models, e.g. the #; mode in the inner region
of the Tokamak and resistive fluid turbulence in the outer region would also be
a possible explanation of the observed scaling.

We have shown that the multiplicity of existing scaling laws may be
approximately expressed as the gyro-reduced scaling with different forms for the
function F. All the scaling laws have essentially the same dependence of I' upon
v+ but they have different dependencies upon f ; the latter is the reason why they
appear to be so different when expressed in terms of I, n, P etc. In this sense we

conclude that the “gyro-reduced Bohm” scaling constitutes a wunified physical
scaling law for Tokamak energy confinement.

Finally we have shown how a similarity technique can be employed to
predict the L and H-mode confinement time and fusion product in I'TER by
using the values of the function F from two high performance JET L and H-mode
pulses. This technique eliminates the need to make a choice about the f
dependence of F and the type of scaling law {off-set linear or product law) and
hence improves the accuracy of the predictions.
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Parameter UNITS Minimum Maximum

a m 0.92 1.19
R m 2.87 3.25
K 1.34 1.91

n 10%m3 0.04 0.88

I MA 1 5

P MW 2.1 23.8
w MJ 0.45 11.1
Tg 5 0.1 1.8
Wy MJ 0.21 2.72
TES 5 0.036 0.327
W, MJ 0.0146 0.2
TeL s 0.0032 0.0214
Ve 10-5 0.1

i 0.05 1.11
7 3.18 6.56
A 19 149
oyt 1.65 4.50

Table . Ranges in JET H-mode data for parameters used in scaling law studies.
The parameters are defined in the text.
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Theory « Y Reference
Collisonal drift wave 0,1/3,2/3,1 0 23,29
Collisionless trapped electron mode 0 0 23,29,32
Dissipative trapped electron mode -1,-2 0 23,29,31
Dissipative trapped ion mode -1 0 23
n: mode 0 0 23,32,33
Overlapping islands 0 0 34
Resistive fluid turbulence 1 -1 21
Res. fluid turbulence (electrostatic) I 0 21

Table ll. Theoretical scaling laws for the confinement time v which can be
derived as Eq.(6) with the function Fg given by Eq.(12) as F = v¢# . Some values
of o are taken from Table 5of [217].
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Exponent Short wave Lohg wave OH Short Ol Long
wave wave
yl (a) 8 — 8 6 — 8a 17 — 160 — 29y 13 — 160 — 24
y2 (&) 3 —4a 2 —4u 6 — 8o —y 4 —8a—y
y3 (R) | 3—6a+2y | 2—6a+2y | - 50— 5y — 5u— 5y
v4 (n) 3 — 6 2 — b 3—9x—3y 2 —9ax — 3y
y5 (D) 4 + 4y 2+ dy 4+8u-+6y | 1 —8a+6y
v6 (P) —3 4+ 4a—2y] -2+ 40 —2y - -
5 —do + 2y 4 — 4o + 2y 8 —da+ 2y T —do+ 2y

Denominator '

Table 1l The dependency of the exponents yl to y6 in Eq.(13) upon the
parameters o and y is expressed as the ratio between a numerator listed in the

Table and a denominator given in the bottom line.

The short and long

wavelength scalings have also been applied to ohmic scaling which includes the
constraint on power P and g (Eq.15).
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Scaling law a K R n | P q Ref
| Rebut-Lallia i 0.5 0.5 0 1 0 0 10
ASDEX 0 0 1 0 1 0 0 14
Mirnov 1 0.5 0 0 I 0 0 15
Shimomura -1 -0.5 2 0 1 |1 0 1 16
Odajima 2 1 0 0 0 0 0 9
Kaye big 02 |-005] 08 |01 |115]-05] 03| 12
Kaye all -0.3 1-005] 1.15 ] 0.1 1151 -05 | 03 12
Kaye-Goldston -0.5 | 025 1 1.65 | 0.25 | 1.25 | -0.58 | 0.09 8
| Goldston -0.38 | 0.5 |1.75 0 1 -0.5 0 1 5
Neo Kaye -0.04 | 0.28 1.3 | 0.14 | 1.12 | -0.59 0 11
Resistive MHD 1.5 0.5 0.5 0.5 0.5 | -0.5 0 | 17
Lackner 04 | 1 |18 |06 | 08 |-06] 04 | 18
T-10 _ 092 | 038 | 1.92 1 0.33 | -04 | 0.76 I3
Merezhkin 0 0.416{ 3 | 0 -0.33 | 0.66 7
Alcator 1 0 2 | 0 0 1 6

Table IV. Tokamak scaling laws for auxiliary heated Tokamaks cast in the form
= CPLP R P PO g

Some scaling laws [9,10,13,17 ] also include an ohmic term. All the table values
except the last one refer only to the auxiliary heating term or to the term for
incremental confinement time.
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Scaling law a ¥ 0
The authors 0.4 -0.4 to 0.4 0
Rebut-Lallia 0.5 -0.5 0
ASDEX 0.54 -0.49 0.056
Mirnov 0.54 -0.49 0.056
Shimomura 0.54 -0.49 0.056
Odajima 0.42 | -0.8 0.108
Kaye 5ig 0.47 0.13 0.068
Kaye all 0.49 0.25 0.132
Kaye-Goldston 0.28 0.58 0.132
Goldston 0.44 0.2 0.1
Neo Kaye 0.37 0.55 0.08
Resistive MHD - - -
Lackner 0 0 0
T-10 -0.02 -0.82 0.044
Merezhkin 0 -1 0
Alcator 0.19 ~1.18 0.072

Table V. The Tokamak scaling laws for auxiliary heated Tokamaks recast to
match the short wavelength scaling given by Eq.(14). The parameter & is the
residual in the exponents of Eq.(13) required to make the scaling laws
dimensionally correct (see text).
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Scaling law ® ¥ 0

Rebut-Lallia 0.35 -0.14 0.06
ASDEX 0.39 -0.12 0.076
Mirnov | 0.39 -0.12 0.076
Shimomura 0.39 -0.12 0.076
Odajima 0.272 -0.44 -0.08
Kaye big 0.324 0.61 0.076
Kaye all 0.345 0.74 0.136
Kaye-Goldston 0.222 0.94 0.124
Goldston 0.285 0.565 0.06
Neo Kaye 0.225 0.914 0.02
Resistive MHD 0.5 0.25 0
Lackner - - -

T-10 -0.17 -0.454 0.104
Merezhkin 0 -1 0

Alcator 0.044 -0.71 0.096

Table VI. The Tokamak scaling laws for auxiliary heated Tokamaks recast to
match the long wavelength scaling formally given by Eq.(14) with subscripts S
replaced by L. The parameter & is the residual in the exponents of Eq.(13)
required to make the scaling laws dimensionally correct (see text).
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Param. | UNITS JET JET ITER ITER
L-mode H-mode L-mode H-mode
B T 3.1 2.9 4.9 4.9
I M4 5.2 4.1 17 17
a m 1.1 1.1 2.15 2.15
K 1.6 1.8 2.2 2.2
R m 3 3 6 6
n 1092 0.28 0.28 0.5 0.56
P MW 11.9 10.5 100 54
ey 2.25 2.42 2.42 -2.42
i 0.17 0.41 0.20 0.43
Vs 1.5 1073 5.4 10— 1.6 103 6.6 10
fs 2.24 5.04 2.24 5.04
W MJ 5.43 9.34 187 349
Tk s 0.46 0.90 1.87 6.45
n'lrg 10%m—3keVs 0.40 1.35 6.60 39
Q horma 0.1 0.3 1.4 o)

Table VII. Scaling of parameters from JET L-mode pulse 20367 and H-mode
pulse 20981 to ITER values. The plasma current has been changed from 22MA
to 17MA to reproduce the JET value of the safety factor. In this extrapolation the
arguments v. and f of the function F are held at values similar to those obtained

in the two mentioned JET pulses.

(thermal-thermal).

272

thﬂrmﬂl = (Poc + Pneurron) / (P - POL) where
P, and P,.... denote the power levels resulting from thermonuciear D-T reactions
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FIG. 1a. JET H-mode data on the confinement time versus the
short wavelength scaling £q.(6). Open symbols correspond to
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FIG. 1d. JET L-mode data on the confinement time versus the
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