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ENERGY CONFINEMENT IN JET OHMICALLY HEATED PLASMAS

D.V. BARTLETT, R.J. BICKERTON, M. BRUSATI, D.J. CAMPBELL,
J.P. CHRISTIANSEN, J.G. CORDEY, S. CORTI, A.E. COSTLEY, A. EDWARDS,
J. FESSEY, M. GADEBERG*, A. GIBSON, R.D. GILL, N. GOTTARDI,
A. GONDHALEKAR, C.W. GOWERS, F. HENDRIKS, O.N. JARVIS, E. KALLNE,
J. KALLNE, S. KISSEL, L.C.J.M. De KOCK, H. KRAUSE**,E. LAZZARO, P.J. LOMAS,
F.K. MAST**, P.D. MORGAN, P. NIELSEN, R. PRENTICE, R.T. ROSS,
J. O'ROURKE, G. SADLER, F.C. SCHULLER, M.F. STAMP, P.E. STOTT,
D.R. SUMMERS, A. TANGA, A. TARONI, P.R. THOMAS, F. TIBONE,
G. TONETTI***, B.J.D. TUBBING, M.L. WATKINS
JET Joint Undertaking,
Abingdon, Oxfordshire, United Kingdom

ABSTRACT. The energy confinement properties of ohmically heated JET discharges are discussed in
detail, from both a local and a global point of view. Also, the plasma resistivity and poloidal field diffusion are
discussed in some detail.

The transport properties of JET are of course broadly
similar to those of the smaller tokamaks. However,
since JET is the largest tokamak, its data extend the
Ohmic heating scaling laws closer to the reactor regime.
The high electron (Te ~ 4 keV) and ion (Tj ~ 3 keV)
temperatures and the relatively low density
(n < 4 X 1019 m~3) mean that the electrons are always
in the neoclassical banana regime and the ions are in
the neoclassical banana to plateau regime.

The data for the study have been assembled from
the first two years of JET operation with both hydrogen
and deuterium plasmas. The plasma geometry was
varied extensively from small circular plasmas on both
the inside wall and the limiter to large fully elliptic
plasmas with an elongation K (= b/a) of 1.7, filling
most of the cross-section of the torus. The plasma
current I, the toroidal field B and the density were
varied extensively; the full range of conditions is given
in Table I.

The report is divided into five sections. In Section 1
the plasma characteristics are discussed, starting with
evolution in time of the plasma parameters of a typical
shot; this is followed by the operating diagrams for
both current and density (and the effective plasma

TABLE I.
IN JET

RANGE OF PLASMA CONDITIONS

1.7 <B<3.45T

K K 4 M A
0.5 <ne<3.6X

1< K (= b/a) < 1

0.8 < a < 1.23 m

1019m"3

.7

2.

2

1.

1.

1

5 < R

<Zeff

<3.4m

< 8

7<qcy, (=BA//iRI)<12

5<TC

<Te<

<6keV

C3keV

charge Zeff and density) showing the range of conditions
explored by JET since the start of the experiment. In
Section 2 the plasma resistivity is discussed and it is
shown that the resistivity is close to neoclassical. In
Section 3 the global energy confinement properties are
evaluated, the scaling of the energy confinement time
with the plasma parameters is determined, and com-
parisons are made between the JET data and data from
other experiments. In Section 4 the local energy
confinement properties are studied, first by using the
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temperature and density profiles to determine the
transport coefficients and then by using a predictive
code with model transport coefficients to simulate the
measured temperature and density profiles. Finally,
in Section 5 the electron thermal diffusivity is
determined by following the transmission of the heat
pulse after sawtooth relaxation. The resulting electron
thermal diffusivity is compared with the transport
analysis and simulations of Section 4.
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FIG. 1. Current I, surface loop voltage V^rf, loop voltage on
magnetic axis V^, and line average density n, versus time for
discharge 4591.
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FIG. 2. Poloidal flux contours in the plasma for shot 4591.
Cross-section through torus, showing flux surface geometry,
limiter and magnetic diagnostics, from equilibrium identification
code IDENTB [ 1 ].
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FIG. 3. Electron temperature and density versus major radius R.
The magnetic axis is at R = 3.1 m; the positions of the q = 1
and 2 surfaces from IDENTB are also shown.

FIG. 4. Electron temperature at R= 3.05 m (close to the
magnetic axis) versus time, from electron cyclotron emission
(solid line) and Thomson scattering.

1. PLASMA CHARACTERISTICS

All of the shots in the data set have long flat tops in
current, density and temperature, typically between 5
and 12 s. An example of the time behaviour of the
current, loop voltage and density for a typical high
current shot is given in Fig. 1. Examination of the loop
voltage traces of Fig. 1 shows that the voltage on axis

74 NUCLEAR FUSION, Vol.28, No.l (1988)
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and the surface voltage are not quite equal at the end
of the flat top, indicating that the diffusion of the
poloidal magnetic field is not quite complete. For
lower current pulses (I < 4 MA) the field diffusion is
usually completed before the end of the current flat
top. The loop voltage on axis ranges between 0.5 and
1 V for the complete data set, with the lower voltage
at the higher values of the toroidal magnetic field and
plasma cross-sectional area.

The plasma geometry at the end of the flat top for
this particular shot (4591) is shown in Fig. 2. The flux
surfaces are obtained from the best fit to the magnetic
measurements made on the vacuum wall, of a set of
solutions of the Grad-Shafranov equilibrium equation
containing two variable parameters describing the
current profile [ 1 ].

The radial electron temperature profile is obtained
from the electron cyclotron emission [2] at the second
harmonic; an example of the profile at the end of the
current flat top is shown in Fig. 3. In the evaluation of
these profiles, both the poloidal and the paramagnetic
contributions to the total magnetic field were taken
into account. In the edge region (R > 3.9 m), where
the ECE measurement is less reliable, a linear
extrapolation to boundary probe measurement of the
electron temperature is made. The spectral response
of the ECE system was independently calibrated using
large area thermal sources of known temperature and
emissivity. The ECE temperature data have been
extensively compared with a single-point Thomson
scattering [3] measurement of the electron temperature.
Figure 4 shows the time behaviour of the two
measurements for shot 4591. The measurements of
electron temperature have also been compared with
results from pulse height analysis [4].

The central ion temperature was measured by (a) a
neutral particle analyser (NPA) [5] viewing the plasma
along the equatorial plane, (b) a neutron yield monitor
[6] and (c) an analysis of the broadening of the
2.4 MeV neutron spectrum [7]. The NPA data had to
be corrected for the attenuation of the neutrals and the
neutron yield data had to be corrected for the depletion
of the deuteron density by the impurities. The time
dependent behaviour of the measurements for
shot 4591 are shown in Fig. 5.

The line average density (Fig. 1) was measured by a
single-channel microwave interferometer [8] viewing
along a vertical chord near the plasma centre
(R = 3.14 m). The density profile was obtained from
the seven-channel far-infrared interferometer [9], which
was Abel inverted on the magnetic surfaces. The
resulting profile is shown in Fig. 3; it is somewhat

T, (keV)

12 14

FIG. 5. Ion temperature versus time, from the neutron yield
(dotted curve), NPA (solid curve) and 2.4 MeV neutron
spectrometer (single point) diagnostics, for shot 4591.

FIG. 6. Plasma effective charge Zefffrom the visible brems-
strahlung versus line average density divided by current density.
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broader than the electron temperature profile, having
the approximate form ne = n e 0 ( l ~P 2 ) 1 / 2 , where p is
the normalized flux surface radius in the midplane.

The range of variation of the plasma effective charge
Zeff in these discharges was between 2 and 10. Zeff
was determined both from the plasma resistivity and
the visible bremsstrahlung viewed along a single vertical
chord. In the bremsstrahlung calculation, the tempera-
ture dependence of the Gaunt factor was taken into
account since the data set covered quite a wide range
of electron temperature (2 < Te < 4 keV) and both
the electron temperature and the density profiles were
used in the evaluation of the line integral seen by the
detector. It was found that Zeff obtained from both
the bremsstrahlung and the resistivity analysis decreased
with increasing density and increased with plasma
current. This suggested that the data should be plotted
against density divided by current density, as shown in
Fig. 6.

The radiation profiles were obtained from three
arrays of collimated bolometers [10] which view the
plasma horizontally (two cameras) and vertically
(one camera). From the measured intensities the radial
profile of the radiated power can be derived by Abel
inversion on the magnetic flux surfaces. A typical
profile is shown in Fig. 7, together with the Ohmic
input power profile. For all shots the radiation profiles
are very hollow, with the Ohmic input power signifi-
cantly larger than the radiation power for 70% of the
interior region of the plasma. The fraction of the total
Ohmic power which was radiated was between 30 and
80%.
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FIG. 8. Hugill operation diagram l/qCyl versus Murakami
parameter, nR/B (X 10i9m~2-T~l). ° - low values of Zeff

(<4),X - high values of Zeff f> 4).

Turning now to the range of plasma parameters
explored by JET, the conventional Hugill diagram
1/Qcyi against the Murakami parameter nR/B for the
complete data set is shown in Fig. 8. The data are
grouped by their value of Zeff; clearly, the cleaner
plasmas permitted a larger range of density operation.

2. PLASMA RESISTIVITY

In this section we examine whether plasma resistivity
is better described by the Spitzer prescription or by
the neoclassical prescription. The analysis is completed
as follows. Radial profiles of Spitzer and neoclassical
resistivity are calculated from local parameters obtained
by diagnostic measurements, the principal input data
being temperature profiles, Te(p) from ECE, ne(p)
from interferometry and Zeff from visible brems-
strahlung measurements. The major sources of error
in these calculations arise from the measurement of
Te(p) (±10%, although greater near the plasma edge),
and Zeff (the profile is assumed flat). The resistivity is
calculated according to:

Spitzer: T?° = 1.034 X 10"4 Zeff a (Zeff) —577

3.6 3.8
R(m)

FIG. 7. Typical radiation and Ohmic heating profiles.

with Te in keV

Neoclassical: 77* = gr̂ ĵ

where

(1)

(2)
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i

- l

1 -
Cf-a l T

1

- l

(3)

Detailed formulae for the coefficients fT, Ca and v*
are given by Hirschman and Sigmar [11].

The experimental plasma resistivity r?m is then
obtained by solving the magnetic diffusion equation
using the equilibrium identification code IDENTC [1].
We can write

E B 1 1 8\jj
Vm ~ J B ~ J 0 R 5t

(for tokamak ordering Bp/BT < 1 and a|3p/R < 1).

(4)

In general, it is found that the resistivity is anomalous
during-the first two to four seconds of the discharge.
Thereafter, there is very good agreement between the
neoclassical and experimental values of resistivity, as
shown in Fig. 9. For r > a/2, the neoclassical and

experimental resistivities are in very good agreement,
though, given the nature of the experimental uncer-
tainties in the data, Spitzer resistivity cannot be
excluded with absolute certainty. For r < a/2, the
value of the 'effective' resistivity rjm is between the
neoclassical value and the Spitzer value, and agrees
with both within experimental errors. This may arise
from an overestimation of current density (and hence
underestimation of resistivity) in the plasma centre,
since the effect of sawteeth is neglected. However,
because of the area weighting of the average, it is clear
that the average plasma resistivity will be better
described by neoclassical resistivity than by Spitzer
resistivity.

The latter point is illustrated in Fig. 10, where the
Zeff values, obtained by assuming the two different
types of resistivity, are compared with the Zeff values
from visible bremsstrahlung emission for a large number
of shots. Clearly, the Zeff value determined from neo-
classical resistivity is close to that determined from the
visible bremsstrahlung measurements. This behaviour

12
#4778
lp=1MA
nn»1.1x1019m-3

10
#4773
L=2MA
na=1.5x1019m-3

3.5 4.0

#4783
lp=4MA
nn=2.7x10l9m-3

4.0 3.0

MAJOR RADIUS (m)

3.5 4.0

FIG. 9. Resistivity versus major radius for four different shots with plasma current
Ip = 1, 2, 3, 4 MA. The solid line is for Spitzer resistivity, the dotted line is for
neoclassical resistivity and + indicates experimental resistivity.
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FIG. 11. Collisionality versus major radius.

of the resistivity confirms our expectations, since the
collisionality parameter v* is very small (^0.1) over a
large fraction of the JET cross-section. A typical radial
profile of v* is shown in Fig. 11.

3. GLOBAL ENERGY CONFINEMENT

In this section the global confinement properties of
the discharges are discussed and comparisons are made
with scaling laws derived from the smaller experiments.
We begin by defining the global energy confinement
time as follows:

The global energy confinement time is

re = (We + W i ) / (P r 2 -W e -W i )

with

(5)

• l / - (6)

(7)

where Pj^ is the Ohmic input power and the integrals
in Eqs (6) and (7) are taken over the flux surface
geometry.

In the above equations, the ECE measurement of
the electron temperature profile is used and the density
profile was obtained from the far-infrared (FIR) inter-
ferometer. On earlier shots before the FIR interfero-
meter was brought into operation the density profile
was taken to have the form ne = ne0 (1 - P2)1 / 2 , where
p is the normalized flux surface radius in the midplane
and the density on axis ne0 is evaluated from the line
average density measurement of the 2 mm microwave
interferometer. The calculation of the confinement
time is very insensitive to the form of the electron
density profile. For instance, changing the profile from
flat to parabolic changes the r e by less than 5%.

The ion temperature on axis is taken from the neutral
particle analyser and the ion temperature profile is
assumed to be the same as the electron temperature
profile. The impurities are assumed to have the same
temperature as the main hydrogenic species. The main
impurities are nickel, oxygen and carbon and the
concentrations of these impurities are taken from the
analysis of the spectroscopic data [12]. Since this
analysis is not yet available for every shot, an approxi-
mate fit to the data that have been analysed so far is
used. This has the form

n N i /n e = a i (10 1 9 /n e ) 3

nox/ncarb = a 2

(8)

(9)

78 NUCLEAR FUSION, Vol.28, No.l (1988)
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where a, = 2.5 X 10 3, a2 = 0.33. Using the Zeff from
the visible bremsstrahlung, the total number of ions
Znj/ne can be trivially derived. An additional rough
confirmation of the spectroscopic analysis and the
Zeff from the bremsstrahlung is given by the neutron
yield since this depends directly on the number of
deuterons. By using the ion temperature from the
NPA or the 2.5 MeV neutron spectrometer, a further
estimate of the ratio of nD/ne can be obtained. This
technique gave nD/ne ~ 0.5 for the majority of the
data set which agreed with the spectroscopic
evaluation.

A further check on the validity of the above
assumptions and the accuracy of the measurements
can be obtained by comparing the total energy content
0312) with the energy content from the magnetic
measurements using the equilibrium identification
code [ 1 ]. This comparison is shown in Fig. 12 for the
subset of the data for which the elongation K is greater
than 1.3; for values of K less than 1.3, the errors in the
magnetic evaluation of beta are too large. The agree-
ment between the two evaluations of the total energy
content is very good and well within the systematic
errors associated with these two techniques.
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FIG. 13. Total energy confinement time Te versus line average
density ne for a few selected density scans.
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FIG. 12. Total energy from kinetic measurements
versus total energy from magnetic measurements using
IDENTB [ 1 ], for plasmas with an elongation K> 1.4. The
dotted line is the best fit to the data.
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FIG. 14. Total energy confinement time versus Neo-Alcator
scaling law Te = neqR2a.
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FIG. 15. Total energy confinement time versus best fit
(Eq. (10)).

Turning now to the scaling of the energy confine-
ment with the plasma parameters, in Fig. 13 the scaling
of r e with density for the complete data set is shown.
A few characteristic density scans are identified by
special symbols in the figure. Clearly, the energy
confinement time does not scale with density alone.
The general pattern in JET and in many other tokamaks
is that at low densities the energy confinement time
increases roughly linearly with density and then saturates
at high density. The physical reason for this saturation
is not yet clear; both thermal transport and radiation
increase as the saturated value of r e is reached. This
will be discussed in detail in the next section.

The spread of the re data shown in Fig. 13 can be
greatly reduced by plotting it against the Neo-Alcator
scaling law, r e ~ neqR2a; this is shown in Fig. 14.
Thus the Neo-Alcator scaling law is quite a reasonable
fit to the JET Ohmic data. A marginally better fit
(Fig. 15) can be obtained by using regression analysis
of the form

(10)

where B is the toroidal field (T), qc is the cylindrical
safety factor (= 5a2KB/RI), ne is the line average
density (X 10"19 m"3), K is the elongation (=b/a),
R is the major radius (m), e is the inverse aspect ratio
(=a/R), and A is the atomic mass. The constant c
and the indices a, 0, etc. and their errors are:
c = 0.0069 ± 0.002, a = 0.57 ± 0.06, j3 = 0.33 ± 0.04,
7 = 0.38 ± 0.04, 5 = 0.21 ± 0.07, p = 3.8 ± 0.5,
i// = 1.7 ±0.5,r? = 0.56 ±0.05.

At first sight, the above expression appears to be
rather different to the Neo-Alcator scaling. However,
closer inspection shows that the main difference is in
the dependence of ne/I and for the JET data the range
of variation of this parameter is small and hence the
error in determining the index of ne/l is large. The
narrow range of variation of ne/I is clearly demonstrated
in the Hugill diagram (Fig. 8), which is essentially
I versus n. To confirm this hypothesis, an analysis of
the principal components was performed on the
variables B, I, ne, K, R and e, and indeed the largest
eigenvalue came from a relationship between ne and I.

To confirm that Eq. (10) is a good representation of
the scaling of the energy confinement time, single scans
of a particular parameter, with all of the other para-
meters kept fixed, were extracted from the database.
These single parameter scans gave a dependence on n
and I similar to that of Eq. (10). Regarding the
magnetic field dependence, there were no parameter
scans of B with all other parameters kept constant;
however, when scans of ne and I were compared at
different magnetic field values, a B-dependence
similar to that of Eq. (10) was found.

From a physical point of view, the energy confine-
ment time r6 would be expected to be a function of a
much larger class of variables than just ne, q, B, R, e
and K; in particular, r e should certainly depend on
the electron and ion temperatures, since they determine
the collisionality and some key scale lengths such as
electron and ion Larmor radius. Thus, in an ohmically
heated plasma it is important to determine the
dependence of the dependent variables upon the
independently controllable variables ne, q, etc. These
relationships or Ohmic constraints, as they are usually
called, are of intrinsic interest in themselves in that
they allow the temperatures of future tokamak
experiments to be predicted.

Examples of these constraints are now given for the
JET Ohmic data set. First of all, there is the constraint
coming from Ohm's law which mainly relates the input
power to the current. For the JET data set it is

P=5.6n°-1q-1'5B1-1K1-2R°-4e 1.2 (ID

80 NUCLEAR FUSION, Vol.28, No.l (1988)



JET ENERGY CONFINEMENT

where P is the Ohmic input power in megawatt, ne is
in m~3 X 10~19, B is in tesla and R is in metres. The fit
is shown in Fig. 16.

Ohm's law and the electron power balance give the
electron temperature constraint, which has the form

Te = 0.35 n^V 1 - 1 B^K0-6 R2V-3
(12)

where Te is the average electron temperature in kilo-
electronvolt. The fit is shown in Fig. 17. This is very
similar to the functional form given by Pfeiffer and
Waltz [13] using data from small tokamaks; the main
difference is the somewhat stronger dependence on
toroidal field B in the JET dataset.

Using Eqs (11) and (12), one can approximately
recover the expression for the energy confinement time

10 H
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FIG. 18. Zeff versus best fit.

5 -

Pn
(MW)

4 -

o _

2 -

1 —

0 -

— All shots
* Small plasmas
o Standard plasmas

0 1 2 3 4

Pont a 5.6 n,01 q-15 B1' K12 R04 e'2

FIG. 16. Ohmic input power versus best fit.

given in Eq. (10). Of course, the two expressions are
not absolutely identical since the contribution of the
ions depends on how strongly they are coupled to the
electrons. Note that the errors in the indices in Eqs (11)
and (12) are ±0.1 for ne, q and B; for R, e and K, the
errors in the indices are much larger, typically ±0.5,
because of the narrow range of variation of these
parameters. There may also be systematic errors in the
measurements, which could change these indices; these
have not been taken into account.

A parametric relationship has also been found
between the plasma effective charge Zeff (from visible
bremsstrahlung) and the independent parameters; it
has the form

= 7-7 (13)

1 —

0 -

— All shots
* Small plasmas
o Standard plasmas

0 1 2
Te ( i ,» 0.3 no-06 q'11 B14 K06 R23 e u

FIG. 1 7. Mean electron temperature versus best fit.

and is shown in Fig. 18. Unfortunately, at the time
when these experiments were done, there was only one
visible bremsstrahlung channel located in the centre of
the machine and it was not possible to determine with
sufficient accuracy the Zeff of the small radius plasmas.
Thus it was not possible to determine the scaling of
Zeff with R and e.

The precise origin of the constraint given by Eq. (13)
is not clear, however, since it scales as power divided by
density; this suggests that the creation of the impurities
is linked with the power flux on to the walls and limiters.

By eliminating the density n in Eq. (12) through use
of Eq. (13), an expression for Te in terms of Zeff, q, B
can be obtained:

rr -7 0.66 _ 0.46
eaz

eff 9
j 0.74
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This is similar to the form given by Taylor et al. [14]
for TFTR.

Regarding the JET data, it seems that there are no
other relationships between the independent variables.
One could, of course, impose further constraints on
the possible form that re, Te, etc. can take from the
dimensional constraints of the various theories of heat
transport as proposed by Connor and Taylor [15].
These constraints restrict the dependence of re, on ne,
B and R, but they do not restrict the dependence of T€

on the dimensionless parameters q, K and e. Inter-
estingly, the form for re given in Eq. (10) approximately
satisfies the constraints of collisional low-beta theory,
namely Te = F(neR2,RsB4)/B.

4. LOCAL TRANSPORT

Interpretative and predictive transport codes have
been used to analyse the local transport properties of
a subset of discharges chosen as representative of JET
Ohmic plasmas for different values of current, electron
density, toroidal field and elongation.

The interpretative transport code is 1^-dimensional,
the equilibrium configuration being computed by
fitting both the poloidal magnetic flux and the poloidal
magnetic field measured outside the plasma. The
plasma current density is determined together with the
equilibrium configuration under reasonable assumptions
for the position of the q = 1 magnetic surface. These

TABLE II. MAIN FEATURES OF THE TRANSPORT MODEL

— Anomalous electron energy diffusion coefficient:

Xe=2.5Xl01Ve
1<x XeAl or Xe = 6XlO16Btne-o-8(q(r)Ter1|-Ai

1/2aXeCMG

ALCATOR-INTOR Coppi-Mazzucato-Gruber

(rn^s"1, m~3, T, eV; A; is atomic mass of main ions.)

- Ion energy diffusion coefficient:

where a is an anomaly factor and XJCH 'S *ne neoclassical coefficient as given by Chang and Hinton,
corrected to take impurities into account [16].

— Particle diffusion:

D ~ 0.25 xe> I\v is the neoclassical (Ware's) pinch term.

— Neoclassical resistivity as given by Hirshman et al. [17].

— Kadomtsev-Parail, Pereverzev-Pfeiffer reconnection model for reproduction of sawtooth activity [18].

Impurities: Density profiles are assigned or computed for one light (O) and one heavy (Ni) impurity species.
Radiation losses are evaluated under the assumption of coronal equilibrium.
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assumptions are then checked against the measured
position of the sawtooth inversion radius. The current
density, the geometry of the equilibrium configuration,
the measured electron temperature, plasma density and
radiation profiles and the central ion temperature are
used to compute the ion temperature profile, assuming
a neoclassical form (Chang-Hinton [16] expression
multiplied by an 'anomaly factor' a) for the ion thermal
conductivity.

Simulations of a predictive type have been performed
with 1-D and 1 -̂D codes. A summary of the main
assumptions involved in the standard model in these
codes is given in Table II.

As in other tokamaks, three plasma regions dominated
by different physical processes can be identified in JET:

- A central plasma region (r < r{ (q ~ 1)) which is
dominated by 'sawtooth' relaxations, with radiation,
and perhaps transport, being less important;

2.0-

P(MW)

1.0-

-1.0-

-0.4-

-0.6 J

FIG. 19. (a) Electron power balance versus radius,
(b) Ion power balance versus radius.

- An intermediate region, Ti (q ~ 1) < r < r2 (q ~ 2.5),
which is dominated by energy transport;

- An outer plasma region (r > r2), which is generally
dominated by radiation and other atomic processes
related to plasma-limiter and plasma-wall
interactions.

The studies concentrate on distinguishing between
transport through the electron and ion channels, and
on examining the reasons for the saturation of the
energy confinement time with increasing density.

The typical power balance for electrons and ions for
Pulse No. 3901 is shown in Fig. 19. This analysis, using
the interpretative code, refers mainly to the 'transport'
dominated region of the plasma. On the other hand,
predictive transport code simulations refer to the entire
plasma cross-section.

4.1. Electron and ion heat transport

In general, the transport models described in Table I
permit a good simulation of JET Ohmic plasmas. There
is no need to change the numerical coefficients in the
expressions for the electron thermal diffusivity, but an
anomaly factor on the ion transport, a ~ 5, is required.

Possible exceptions are the use of XeCMG a t l ° w

density, where both xe
 a n d Xi need to be enhanced,

and at high density, where Xi seems to become closer
to neoclassical (see Figs 20 (a, b)). These conclusions
are apparently independent of variations in the plasma
current.

• T,o 'rom ECE = T#o computed
o T|0 from neutrons
x T|0 from NPA

T(keV)

4-

3-

2-

a - 1

o - 5

3 MA 4 MA

X X

n e (1019m"3)

FIG. 20. Measured electron and ion central temperatures from
ECE, neutrons and NPA for four pulses, at 3 MA and 4 MA,
versus density. Solid lines indicate the predicted ion temperature,
with anomaly factors a = 1 and 5 times neoclassical
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n (x1019m-3)

FIG- 21. Ion thermal conductivity anomaly factor versus line
average density for a series of pulses.

1 4

2 3
n (x1019m-3)

FIG. 22. Xe at r = 3 a versus line average density.

The interpretative transport analysis also shows that
the electron thermal diffusivity, at r = fa, is a strong
inverse function of the electron density (Fig. 22),
initially decreasing with density and then saturating at
higher densities. There does not appear to be any
systematic dependence upon current or magnetic field.
The reason why the field and current dependence is
absent in xe but appears in re is not clear; it could be
related to the fact that the edge region (r > | a ) plays
an important role in the global T€.

4.2. Saturation of confinement time
with increasing density

In Section 3 it was shown that the experimentally
determined re saturates at the highest densities. The
interpretative code analysis indicates that there is also
a similar saturation in T€ (at r = § a) (this is shown in
Figs 23(a, b)). Thus it appears that enhanced radiation
alone does not explain the effect.

0.8

Us)

0.6

0.4

0.2

(a)

2 3
n (x1019m-3)

The analysis with the interpretative transport code,
albeit limited to the intermediate plasma region, seems
to confirm the results of numerical simulations.
Figure 21 summarizes the results of the analysis of ion
transport. It shows that the anomaly factor a required
for the ion thermal conductivity increases as the density
is reduced.

While the present analysis suggests some anomalous
ion loss process, neoclassical ion thermal transport
cannot be excluded if the uncertainty in the measure-
ments is taken into account. A more definitive
conclusion cannot be drawn without having profiles of
the ion temperature.

(b)
0.8

T€(s)

0.6

0.4

0.2
1 2 3 4

n (x1019m-3)

FIG. 23. (a) Total energy confinement time versus line average
density, (b) Energy confinement time up to r = 3 a versus density.
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FIG. 24. Experimental electron temperature profiles for (a) the 3 MA density scan and (b) the
4 MA density scan, (c) Edge temperature and limiter flux versus density from simulation.

We note that the ECE data indicate a decrease in the
boundary electron temperature Tea when ne increases
(Figs 24(a, b)). Although the absolute value of Tea

from ECE is not reliable, it may well be that such a
relative (and apparently systematic) variation represents
a real trend. The reduction in Tea when nea increases
may be due to a combination of atomic processes and
plasma-wall interaction; it is also an outcome of
numerical computations using the plasma-wall inter-
action model of the transport code ICARUS (Fig. 24(c)).

Indeed, simulations of JET discharges with
Xe a XeCMG s n o w that the electron transport is
increased as ne increases, which, together with the
increased radiated power loss, gives rise to a saturation
in re with density (Figs 25(a, b)).

This picture is, however, not unique. If the electron
thermal transport is lower in the boundary region (as
is the case with xe

 a XeAl)>tnen l o s s through the ion
channel can become important in the vicinity of the
limiter. The neoclassical scaling of Xj with n, together
with the increase in radiation induced by lower Tea, can
again produce saturation of T€ (Fig. 25(c)).

In the two models described above, phenomena
occurring in the plasma boundary region play an
important role; these are unfortunately too poorly
known, diagnosed and modelled to allow firm
conclusions to be made.
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FIG. 25.
(a) Te versus density, experimental and computed,

using the CMG model for a 3 MA density scan.
(b) Te versus density, experimental and computed,

using the CMG model for a 4 MA density scan.
(c) Te versus density, experimental and computed,

using the ALCATOR-INTOR model for a 3 MA density scan.

outside the mixing radius the propagation of a 'heat
pulse' can be observed. The delay time tp(R) between
the time of the internal disruption and the time of the
maximum of the perturbation at a radius R is a measure
of the thermal conductivity xe- Within the accuracy
with which the tp measurements are made (20%) the
tp(R) curve can be represented by a straight line. The
slope of this line is VHP, the heat pulse propagation
velocity (Fig. 26).

The signal-to-noise ratio of the measurements is
improved by the coherent addition of all sawteeth in
a time window during the current flat top of the
discharge, synchronizing them on the times of the
internal disruptions. Further noise reduction is
accomplished by digital filtering.

Following Ref. [19], the analysis of the signals has
been carried out by simplifying the electron power
balance equation to a diffusion equation for the
temperature perturbation Te. The assumptions implicit
in this step are held to be valid in the region of the
plasma where the Ohmic power variations are small and
the radiated power is small.

In cylindrical geometry the equation is

3 3Te

- n p

2 e 3t

On the basis of an ALCATOR-INTOR like scaling
for the global confinement it is assumed that the xe

profile is the reciprocal of the density profile. This
leaves only xe(0)> t n e central value of the xe profile,
as a free parameter. The diffusion equation is then
solved numerically for given ne and Te (t = 0) profiles,

5. ELECTRON THERMAL CONDUCTIVITY
FROM HEAT PULSE PROPAGATION

The electron thermal conductivity xe can be derived
from the relaxation of the electron temperature profile
after an internal disruption [19-21 ]. Such studies have
been performed using the ECE grating polychromator.
This instrument measures the electron temperature at
twelve positions along a line of sight. For the measure-
ment reported here this was a horizontal, radial line,
elevated 0.25 m above the plasma midplane.

The internal disruption perturbs the electron
temperature profile by flattening it up to the mixing
radius, on a time-scale of the order of 100 us. On a
slower time-scale this perturbation relaxes and at radii

40

30

20

10

Measured tp

The slope of the fitted

line is 1/VHP

Error on tp

0.5 1.0
MINOR RADIUS (m)

FIG. 26. Delay time tp versus minor radius.
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varying xe(0) u n * i l t n e n e a* pulse propagation speed
in the simulation matches the measured values.
Elongation is then accounted for by multiplying the
results of the cylindrical calculation by b/a.

The x^P derived from a heat pulse is essentially a
local quantity, valid only in the region where the
measurement is made. We therefore quote x£*p values
at a minor radius of 0.8 m, or r = fa.

Extensive analyses have been carried out on data
obtained during a BT, I, n scan. These data show a
dependence of the heat pulse propagation velocities
on the plasma current I (2 < I < 4 MA) and the density
n(1.7 X 1 0 1 9 < n < 4 X 1019nT3). The parameter
range in BT was too small to establish a meaningful
BT dependence (2.6 < BT < 3.4 T). A reasonable
scaling — given the error bars — for xe values evaluated
at 0.8 m minor radius is

Xe(0.8m) = (4.0± 1.6) 1016

4.0

3.0

1.0

A

A-,MP (r-0.8m) Irom heal pulse

x,P0 (r-0.8m) from power balance

Error on x,MP

Error on x,P

°8 ° ° o
° J fc 0 o
8 J& ^ 8 o 02

1.0 2.0 3.0 4.0
LINE AVERAGE DENSITY (101 9nr3)

5.0

FIG. 28. Xe(r = 0.8 m) versus line average density.
O - from transport analysis, A - from heat pulse measurements.

ne(0.8m)

where xe is in m^s" 1 , I is in A and ne is in m 3.
This scaling is illustrated in Fig. 27. The error in

the scaling is due to the random errors (~20%) in the
determination of the heat pulse velocity and does not
include model dependent errors in the derivation of
Xe from the measurements.
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FIG. 27. Xe from heat pulse measurements versus best fit.
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FIG. 29. Xe from global confinement time analysis versus
Xe(r - 0.8 m) from heat pulse analysis.

The x^ P values are compared, on the one hand, with
XeB values obtained from the local power balance and,
on the other hand, with a x^ L value obtained from
the global energy confinement time. xPL is calculated
^ XpL = ab/4rke, with rk e being the electron energy
confinement time. As illustrated in Fig. 28, x^ P *s

distinctly higher than the xPB values. The discrepancies
are of the order of a factor of four. The comparison
with the global estimates is shown in Fig. 29; there is
no strong correlation. Again, the x^ P values are higher,
although part of the discrepancy is due to the fact that
a local quantity and a global quantity are being
compared.
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Part, but not all, of the discrepancies can be explained

by the neglect of the variation of the source and sink

terms (electron-ion equipartition, radiation and Ohmic

power) in the simple diffusion equation. Comparison

of the diffusive model with the full transport code

shows that for the same value of VHP the diffusive

model requires a factor of 1.5 to 2 higher xe values

than the transport code. This correction has not been

applied to the data shown here.

An important result of heat pulse propagation

studies during ICRH additional heating is that no

increase in VHP, and hence no increase in xe> was

observed during application of RF power up to 4 MVV.

Thus, to summarize, the xe obtained from heat

pulse propagation is typically a factor of two higher

than that obtained from power balance studies and

there is no strong correlation between them. A similar

result is found in other experiments [21 ].

Recently, explanations have been put forward to

reconcile the discrepancy between x H P and XeB- These

studies rely on more sophisticated forms of the trans-

port equations with inward pinches [22] or the inclusion

of the resistivity [23]. The data set of the Ohmic study

presented in this paper is in too narrow a range of

parameter space to permit any firm conclusions on the

explanations given in Refs [22, 23].
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