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ABSTRACT

Auxiliary heating by neutral beams (NBI) or ion cyclotron resonance heating
(ICRH) can broaden or peak the plasma current density profile. A measure of
changes to the current density profile J¢ is established by a combination of
current moments which yields a profile broadening parameter . JET
experiments are demonstrated to increase { (broaden J¢) when NBI is applied
to discharges which exhibit either L or H mode confinement; pellet injection
and ICRH are demonstrated to decrease [ (peak J¢). The time evolution of the
parameter [ is shown to correlate with the changes to the Daemission seen in
¢ by NBI,

especially for H-mode pulses, starts in the edge region. It is caused by the

H-mode discharges with and without ELMs. The broadening of J

non-inductive bootstrap current component as a consequence of steep density
profiles. The ohmic current component undergoes only a nominal change.
VAsSociated with current profile broadening is an increase in edge pressure
and total stored plasma energy W. An analysis of global confinement
(variations of W with power P) is made by splitting W into threé parts: Wf,
the fast ion energy; W,, the edge energy which is empirically shown to be
proportional to the current profile broadening parameter (; WP, the bulk
plasma thermal energy. It is shown that the scaling for Wp in the L and

H-mode confinement regimes is similar,

1. INTRODUCTION

Experiments on JET with fixed plasma geometry and with fixed values of
toroidal current I¢ and field B¢ show considerable variations in confinement
properties: at a fixed level of input power P the total stored plasma energy
W can be as much as 2.5 times the smallest value found at that power level,
The input power includes ohmic heating, neutral beam injection (NBI) heating
and ion cyclotron resonance frequency (ICRF) heating while the stored plasma
energy includes thermal energy and energy of fast ions produced by NBI and/or
ICRH. Figure 1 shows data on W and P from a series of JET pulses with

I¢ = 3MA, B¢ = 3T; the plasma configurations in these pulses have a

separatrix inside the JET vessel and are referred to as double null (DN) or
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single null (SN) plasmas. The plasmas have either NBI or ICRF heating or
both applied and the data values are measured at the time tmax’ when the peak
value W is obtained during a pulse. At t =t , dW/dt approaches zero
max max

such that the values Wmax and P approximate steady state data; each JET pulse
is thus represented by only one data point. It is clear from the scatter of
the data in Fig. 1 that it becomes difficult to establish a scaling law for

E = W/ (P-dW/dt). This is

especially true since the only parameter which is varied in the data shown in

the energy W or for the global confinement time =

Fig, 1 is the average density <n> of the target plasma to which varying
amounts of P(NBI) or P(ICRH) have been applied. The spread of data values
arises from: i) sawteeth effects, ii) variations in power deposition profiles
and fast ion energy content, iii) edge plasma physics and iv) the varying
conditions of the JET plasma vessel. Such effects do not depend on plasma
parameters in any simple way which would permit deduced scaling laws

W=W(PE,n>) or t (P,<n>), to be identified with one or more plasma

E  'E
physics loss mechanisms.

If data from pulses with different values of current I¢ or field B¢ is
included then the effects from sawteeth will tend to conceal the dependence
of W upon I¢ and P since both the sawtooth inversion radius and the period T,
will vary. This makes it difficult to unravel intrinsic confinement
properties such as local or average ion-electron thermal diffusivities Xg» X3

from global data. Figure 1 does indeed emphasise this difficulty.

A detailed examination of the data in Fig. 1 reveals that it is possible to
divide the plasma pulses into three groups. The first group exhibits
uninterupted H-mode confinement for periods longer than a confinement time
and the data presented from the group is marked by a full circle in the
figures of this paper. H-mode confinement was first established on the ASDEX
experiment [1] and later found on the Doublet III [2], PDX [3], JET [4],
JFT-2M and DIII-D experiments. The H-mode confinement regime is
characterised by a spontaneous reduction of Da (or Ha) emission from the
plasma edge region. Sometimes this reduction is interrupted by intermittent
bursts of Da emission caused by ELMs (6]). The ELMs last only a fraction of

the global'confinement time 1 suggesting that the intermittent changes from

L-mode to H-mode confinement Eccur only in the edge region while the bulk
plasma region remains unaffected. JET pulses exhibiting ELMs form the second
group of pulses and their data is marked by open circles in the figures of
this paper. The third group of pulses marked by crosses have L-mode

confinement whose scaling has been the subject of many studies, e.g. [5].
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The solid line in Fig. 1 has been calculated from the scaling law given in
[5] and is only shown for guidance. The three groups of data points in
Fig. 1 emphasize the considerable variation in total stored plasma energy W

that can be achieved at a given power level.

The difference in W between H and L-mode plasmas has been ascribed to an edge
or pedestal energy in refs. [8]. By separating the edge energy from the
total energy for JET H-mode plasmas it has been found that the difference
representing the bulk plasma energy shows a scaling with power which is
similar to L-modes [8]. The work presented in this paper is an extension of
[8], but with a different approach to determine the edge energy. Section 6
explains how the total enérgy W for JET L and H modes (i.e. the data of

Fig. 1) can be split into three parts: Wf, the fast ion energy produced by
ICRH or NBI; Wp, the bulk plasma thermal energy; Wl’ the edge energy
proportional to a parameter (. This parameter characterizes the broadening
of the current profile due to auxiliary heating and the first part of the
paper (sections 2 to 5) describes this in detail., The last part of the paper

deals with the impact on global confinement of current profile changes.

Changes to the plasma current profile are by definition associated with
changes to the internal inductance Qi. Determination of Ri from magnetic
measurements requires a model for the current distribution. Experience from
applying 2 different models to JET data shows that presently the accuracy (or
confidence level) of Qi in the range 0.9 <Qi< 1.5 is of order 0.05 to 0.1.
The changes A Qi due to auxiliary heating observed from these two models
range from -0.15 to 0.15, i.e. of order of the accuracy. Thus changes in Qi
cannot in the work presented reliably be used to measure current profile

broadening.

We have chosen to measure the broadening (or peaking) of the plasma current

profile <J (x)> via a parameter [ which represents a combination of changes

¢
to current ~moments Ym that are model-independent and have an accuracy level
of order 5%. The brackets < > refer to an average at a plasma surface X,

where x is a non-dimensional flux surface label, O<x<l, used throughout this

paper. The next section explains the use of current moments.
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Section 3 describes data from JET experiments in which the auxiliary heating
is demonstrated to either broaden J¢ (£>0)- or contract or peak J¢ (¢<0).
Changes to the moments Ym are most pronounced during the L to H-mode
transition as shown in Section 4; this is due to the strong weighting towards
the edge of the moments Ym' The changes to Ym and hence J¢ are identified

with the bootstrap current [7] in Section 5; the ohmic part of J, undergoes

¢

only a minor change.

Section 6 shows how the increment AW due to auxiliary heating can be
identified with increments to the three parts of W mentioned above. For
plasmas with L-mode confinement the broadening parameter [ is small (or
negative) and the energy increment AW comes mainly from increments to the
thermal energy Wp and fast ion energy Wf. For plasmas with H-mode
comfinement { is large and AW arises mainly from the edge energy W,. The
latter is found to correlate with the parameter {. This correlation enables
us to combine L-mode and H-mode scaling : section 6 extends the analysis of
[8] by showing that the bulk thermal energy Wp has approximately the same
scaling in L and H-mode plasmas. The intrinsic local confinement properties,
i.e. the diffusivity x, should therefore be similar in L and H-mode plasmas
over the bulk of the plasma. The bulk in this context refers to 0 ¢ x <an’

where Xp will vary from plasma pulse to plasma pulse. Although Xp remains

undetermined it is expected to lie in the range 0.8 < Xp <1,

The characterizatién of confinement presented in this paper is based on
un-ambiguous measures of moments of the plasma current distribution. It
allows us to assess the current profile broadening in L and H-mode
‘confinement. It does not, however, identify the cause of the L to H-mode
transition during which g is observed to increase. The improved confinement
in the H-mode can be caused by a variety of plasma effects as described in

[1-4), [6] and [8); section 6 includes a short discussion.

2., CURRENT MOMENTS

The current moments most often used to characterise a current distribution
are those defined by Zakharov and Shafranov [9]. These moments are defined
as

1
Y =
m p°I¢

L
medel—I¢meJ¢da, (1)
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where the contour integral is evaluated along a flux surface; Bp is the

poloidal field and J, is the plasma current density. The weighting functions

¢
satisfy

VxVx Fm é¢ =0, (2)

é¢ being a unit vector in the ¢ direction of a (R,¢,Z) co-ordinate system.
The choice of solutions to (2) made in reference [9] is based on making two
moments Y, and Y, vanish
z
1

= l - = e———— =
Y, = e [ F, Bl 20, Yy, ) J Fy, B,dl =0 . (3)

The functions entering (3) are (R, is, eg, torus centre)

0 R-R 0
= —_ -0 =
F, o= RB)(L+ 329, Fy =2

and Eq(3) defines the coordinates (RJ, ZJ) of the current channel centre

- % -
RJ = (2Y, RtR %)%, ZJ— Yiz )
The weighting functions Fm’ which are solutions to Eq.(2) in toroidal
geometry, can be expressed in terms of the following two functions containing

the parameter R

J
R-R, R-R;
F1 = (R—RJ) (1+ ﬁ—)’ F1z Z (1+ R ).
J J
For m = 2, 3, 4 we have
= 2 2 =F_3-3F_F2 + A
F,=F, —F1Z , F,=F,3-3F,F 1g ] F1z ’
(4)
F=F4%-6F 2F, 2 +F, 2(3F, 2- 27%) - 4zt F. 2
4 1 1 iy 1 1 5 Jz 1 .

The moments Ym for m=0 to 4 have routinely been evaluated from Eq.(l) for all
JET plasma pulses since the start of operation. These moments describe
mainly the current distribution in the outermost part of the plasma, since
the functions (4) vary approximately as X cosmd; x denotes, as mentioned
earlier, a normalised flux surface label and 6 is a poloidal angle. A moment
Ym by itself does not describe the spatial profile shape <J¢(x)> of an

equilibrium current distribution



-6 -

<J > =<R dp + L f af

¢ & *uRTa’ (3)

in which p is total pressure, f = RB¢ and Yy poloidal flux, To see this we
can evaluate e.g. Y, for plasma equilibria whose flux surface geometry is
described by shifted ellipses, i.e. by two functions S(x) and E(x)
respectively. The expression for J, or Bp derived in ref. [10] together with

¢
Eq. (4) gives

E,2-1 E,%+3E,2-2
T, = - e (4Elz N ___ZEZ?_"_) + 0 (e,5). (6)
. . . _ 1 dE
Eq.(6) a is minor radius, € = a/R, E, =E(x=1) and A,= A(x=1), where A=x E &

Eq.(6) shows us that Y, and similarly Ya; Y ., can each be varied

4o
independently by appropriate changes to the external magnetic field (plasma

cross section shaping). When the spatial profile shape <J, (x)> changes all

¢

moments must Change.

We can consider a perturbation &J, (Eq. 5) varying as %; 6(x-xB), where &

¢

denotes the delta function. The resulting changes to the current moments

will then vary as AYm vo(mel) x T

B An appropriate measure of current profile

broadening would then be

M AYm
R

, dm = m+l, (7)
where Tn represents a phase factor from integration in the poloidal

direction. In practice the changes 6J¢(x) have finite spatial extent such
that the coefficients dm in (7) would not be equal to m+l. The choice (7)

adopted in this paper with d,= -3, d,=

,= 4, is by no means unique; the key

point is the combination of changes to the moments. These changes are

calculated as
AYm = Ym (t) - Ym (ohmic) (8)

in which ohmic refers to a value before the start of additional heating. The
significance of the choice (7) can be seen in the JET data described in the
next section., To illustrate how changes to the current profile>can be
measured we show in Figure 2 the time variation  (t) for three different JET
pulse scenarios. The first pulse (#17380) with I increasing (broadening of

<J, (x)>) exhibits H-mode confinement during NBI heating. The second pulse

¢
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(#16209) has pellet injection some 0.1 sec. prior to NBI and ICRF heating
during the current rise phase. In this phase the moments Ym undergo
substantial changes as the current profile itself peaks by resistive
diffusion towards a steady state profile. The marginal peaking of J¢ for
this pulse is therefore represented as the difference in ((t) between pulse
16209 and a previous pulse 16201 with no pellet, NBI and ICRH. Peaking of J¢

is pronounced during the current decay phase as illustrated for pulse 15954

in Figure 2. The functions (4) weight J¢ by xm+1. If a pellet penetrates
close to the axis and changes J, at say x = %, then the resulting change to

by NBI at x = 1, Figure 2

¢

Y, is only /., of that due to broadening of J¢

emphasizes such a difference.

3, CURRENT PROFILE CHANGES IN JET EXPERIMENTS

We have analysed data from 500 JET pulses with plasma current and field of
3MA and 3T respectively. Various plasma configurations have been used in
these JET pulses: for plasmas attached to the inner wall or the upper-lower
belt limiters minor radius and ellipticity have been varied; plasma shapes
whose boundary form an internal separatrix can be made up-down symmetric
(double-null) or asymmetric (single null)., The auxiliary heating power has
been varied with combinations of NBI (21MW maximum) and ICRH  (15MW maximum).

The changes to the J, profile caused by auxiliary heating can be clearly

¢
demonstrated in plets of AY, vs AY, such as those shown in Figures 3a and b.
AY is calculated from Eq.(8) for each JET pulse at a time when W = Wmax’ i.e.

the same time tmax used for the W vs P data in Fig. 1, Fig. 3a shows for a
series of ICRF heated plasmas that the central power deposition produces
negligible changes AYm; in these deuterium plasmas the He? minority ions
transfer energy mainly to the electrons. Fig. 3a also includes data selected
from ICRH aﬁd NBI heated limiter plasmas with single or multiple pellet
injection during the current rise phase [11]. In such experiments the
current profile is being peaked or broadened by the combination of pellets
and NBI-ICRH. The scatter of the data arises from a range of different
scenarios adopted in these experiments: i) the time of pellet injection is
varied from the current rise phase to the current flat top period, ii) the
ratio of ICRH to NBI power is varied and iii) the penetration of the pellet

varies, i.e. the value of x. at which the density profile steepens, varies.

B .
For the pellet pulses AYm represent the change due to pellets, NBI, ICRH
since the change caused by resistive diffusion during the current rise has

been subtracted as explained in the previous section.



_8_

Fig. 3b show on the other hand quite ciearly how AYm undergo significant
changes as a result of NBI heating. The data in Fig. 3b originates from

DN and SN plasma coﬁfigurations with up to 2IMW of NBI. Pulses exhibiting
H-mode confinement, H-mode confinement with ELMs and L-mode confinement are
marked as in Fig. 1. The current profile broadening (changes to AY, and AY,)
is most pronounced for pulses with H-mode and H-mode + ELMs. The'data on AY,
and AY, show how these have been varied gradually in the JET experiments. It
is from plots like Fig. 3b and from linear regression analyses of the data on
AYm that a combination of moments such as that of Eq.(7) has emerged as a

useful and simple representation of current profile broadening.

4, THE TRANSITION FROM L TO H-MODE CONFINEMENT

The transition from L to H-mode confinement [12] and similarly the reverse
transition (H to L) is characterised by rapid changes over a period of 10-32
to 10-2? secs. in the Da emission. Such rapid changes can occur inter-
mittently and they are accompanied by changes to the current profile. In
Figure 4 we show the time variations Da(t) and [ (t) for JET pulse 15954
which exhibits H-mode confinement with ELMS. The current profile broadens
continuously until the occurrence of the first ELM at 55.3 secs. While the
bursts of Da are correlated with rapid changes to the broadening parameter (,
there is no clear indicator (e.g. threshold value) in C (t) which indicates
the onset of H-mode confinement. The lack of distinction is illustrated in
Figure 5 by plots of [ (t) for 7 successive JET pulses with H-mode

. confinement and for one pulse with L-mode confinement. The onset of the
H-mode for these particular pulses occurs in the time interval 0.2 - 0.4 sec
after application of NBI. At the L to H-mode transition there is a change in
the slope df/dt; this can be seen in Fig. 5 and more clearly in Fig. 4.
Similarly at the H to L-mode transition (marked by a rapid increase in Dd
emission) the slope dl/dt changes abruptly and [ then gradually decreases.
over a period of up to 2 secs. The termination of the H-mode (as derived
from Da) is rapid and it can occur at various values of [, one of which is

marked by an arrow in Figure 5,

The time evolution of { is governed by resistive diffusion. The approximate

width A over which the resistive diffusion changes J¢ is



% %o A

))* = 0.22 g T, (t-t %

A = (r]/}-lo (t—tN ) . (9)

B NB

in which Te is in units keV, g is the neoclassical correction to n caused by

trapped electrons and Z = 3, In A = 15. The time variation of ( will

eff

depend on the details of the equilibrium profiles %& and %é of Eq.(5).
For small perturbations to J¢ L will vary like
Lo, szA t ¢, Xp Az + ¢, A3 (10)

in which ¢, to ¢, are same constants and Xp the flux surface at which
broadening takes place. Egs.(9-10) mimic the time variation of { seen in

Fig. 5,

Rapid changes to [ such as those of Fig. 4 will according to Eq.(9) involve
changes over a narrow width of order 0.02 - 0.05m if Te = lkeV. The results
in Figs. 4 and 5 suggest that the L to H and H to L-mode transitions are

marked by rapid changes to J, within a narrow boundary layer i.e. at x, close

¢ B
to 1. After the L to H transition the remaining part of the current profile
continues to broaden and after the H to L transition J, relaxes towards its

¢

L-mode shape, both these processes occurring on a longer timescale.

5. PROFILE CHANGES

The changes to profiles of density, temperature, current density and pressure
caused by neutral beam heating have been studied for a set of double null
plasma configurations; the set of pulses concerned include 43 pulses with
L-mode and 34 pulses with H-mode confinement. For this set, which is a
subset of the pulses whose data is shown in Figs. 1 and 3, density and
temperature profiles by the JET LIDAR diagnostic have been measured close to
the time tmax when W=wmax' Fig 6 shows the density and temperature profiles
normalised to the axial values and averaged over the L and H-mode set of
pulses. While the electron temperature Te is only marginally broader for H
than for L-modes there is pronounced difference between the corresponding
vdensity profiles. The difference suggests that the change to J¢ as seen in
the curves for [ (t) is associated with density or density gradients rather

than temperature or temperature gradients.
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The relationship between temperature and current density is given by ohms

law

1
= E =J,-J 11
n | (11)

J. is the total current density used to define Ym and {. J NI refers to the

¢ ¢

non-inductive part which includes bootstrap and beam driven currents [13].

The analysis of identifying the measured values of AY,, AY, etc with either

J NI or changes to % E

¢ ¢

ohmic current density and to the bootstrap current density from

proceeds as follows. We estimate the changes to the

OH

5Y, =%—¢A (f:%E(p F, xdx), (12a)
sy, N - %—q} A (f:J¢NI F, xdx). (12b)

The bootstrap current density is given by a surface average parallel to the
field [7,13,14]

%
NI gy = lex) (o

1 dT dT.
R "¢ £ 5p "p Y 1

dn
e e i
e Tt %l ot %l Tx ) (13)

T
The dimensionless coefficients a,-a, depend on the atomic <Z>, on the plasma
surface geometry and on the degree of collisionality and Y’ = %ﬁ— is
proportional to Bp’ The dominant contribution in (13) comes from the a,
term.

H and GYZNI

versus the measured values of AY,. Each point represents the value in one of

Figures 7a and 7b show respectively the calculated values of GYZO

the 43 L and 34 H mode pulses at a time t(LIDAR) chosen as close as possible
to tmax' Since the»difference between tmax and t(g;DAR) canN?e up to 1 sec
the values of AY, used for the comparison with 8Y, " and 8Y,” " are calculated
at t = t(LIDAR). This means that the values of AY, in Figs. 7a and 7b are
not the same values as those of Fig. 3b. Fig. 7a shows no correlation
between GYZOH and AY,; this can be expected qualitatively since the Te
profiles for L and H-modes of Figure 6 do not differ greatly. Fig. 7b shows
on the other hand a measure of agreement between OYzNI and the measurement
AY,. A similar agreement is formed between GYBNI and 0Y, although in both

cases it would appear that the theoretical value of a, is “50% too large.
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6. ENERGY INCREMENTS FROM CURRENT PROFILE BROADENING

The broadening of the current profile <J¢(x)> has been demonstrated in

many JET experiments; it can be achieved at constant total current by a
current control feedback system. The non-inductive component, i.e. the
bootstrap current, causes in feedback mode a reduction of the voltage at the

plasma edge. This is described in more detail in reference [13].

On JET the NBI geometry is such that the pressure of the 80keV fast ions (D)
remains almost isotropic [13]. The energy of the minority ions to which the
ICRH is coupled is on the other hand perpendicular energy which can be in
excess of 1 MeV per minority ion (H or He?). These fast ions slow down and
transfer energy to both the plasma electrons and ions; expressions for the
characteristic slowing down times can be found in ref. [15]. The increment
AW to the total stored plasma energy resulting from NBI and or ICRH can

therefore be written as the sum

A = Wypr * WRr * ¥ thermal (14)
In equation (14) the first term represents the energy of the fast ion
population due to NBI
372
' e Teo i 1
“wer T Ywer <m>  tfwer < ) Twer (15)
. . e i . .
The coefficients A NBI and A NBI depend on the ratio Eb/eTe where Eb is the
beam energy. For JET Eb = 80keV., The second term in Eq. (1l4) represents the

energy of fast ions due to ICRH

T
Wer = %RF 0 TRE’ (16)

The expressions (15-16) are approximate since the NBI and ICRH deposition
profiles need to be determined. The use of the average density <ne> in (15)
and the axial density o in (16) reflects that NBI deposition profiles are
broader than the ICRH profiles. Egs. (15-16) show that the fast ion energy
content Wf = WNBI + WRF is significant only for large values of Te3’2/ne
(L-mode) plasmas). W,_. can in JET exceed 2MJ while W 1 can be of order

RF NB
0.1 - 0.3 MJ. In (15-16) Teo is in units keV and n, in units 1019 m-3,



_12_

The third term in Eq. (14) represents the increase in thermal plasma energy
due to auxiliary heating. This increase caused by the slowing down of fast
ions depend on both the power deposition profiles and the plasma loss

processes [16]. We characterize it by two parts

wthermal - wp tH, (17)

the first being the increase out to some plasma surface Xg» the second
representing the increase from Xp to the plasma edge. For L-mode plasmas
only Wp is significant while in H-mode confinement regimes W, is the dominant

part of AW. The extent of the region X, £ x £ 1 in which the improved

B
confinement is present during the H-mode will vary from pulse to pulse, just
as the degree of current profile broadening varies, i.e. the parameter {. In
this region the change to the thermal energy for n, =n, =n, Te = Ti =T

is approximately

W, = f;B A (3enT) Rrdx (18a)

while the parameter [ due to the bootstrap current becomes
L=f o, TR Fr) tdx (18b)
Xp 1 dx o

In Egs. (18) 1dx is the area element between x and x + dx. Partial
integration of (18b) shows us that the parameter { is a weighted measure of

the energy increment, i.e. for x, close to 1 the approximate relation can be

B
derived

W, = C, L +C, =1ID AY (18c)

in which C,, C

, and Dm are some constants.

Such a proportionality is demonstrated empirically in the JET data by the
correlation between the time evolution of AW and [. Figure 8 shows the
correlation for the sequence of 7 H-mode pulses used also in Fig.4. Figure 8
demonstrates that the energy increment AW obtained in H-mode pulses is
proportional to the current profile broadening parameter. The curves in
Figure 8 track AW and [ from the time t=t BI (start of NBI) to t oo when

W=W .
max

N
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Having established the proportionality between { and AW we can now
characterize the global confinement for the 190 L-mode pulses and 124 H-mode

pulses, whose data is shown in Fig. 1, by

W= Woy * Wypp * Wep * wp + W, : (19)

WOH refers to the value in the ohmic heating phase prior to auxiliary

heating and WN and wRF are given by Egs. (15-16). The bulk plasma thermal

BI
energy increase is

- _dw /
Wp = Tine (p dt) (20)
in which the incremental confinement time t:.an is related to an effective
diffusivity yx and heating efficiency as described in reference [16]. The

edge energy increase we express in view of (18c) by
4
W, = E A AY (21)

rather than by A[. As mentioned in section 2 the choice made in this paper
of the coefficients dm in the definition (Eq. 7) of [ is not unique; Eq. (21)
"offers a better description of the JET data than W, = Al does.

Regression analyses have been carried out by fitting the JET data on W to the

expression (19). 1In these regression analysis calculations we allow the
e i . .
A Tine A NBI' A NBI and ARF to be varied. A variety of
calculations are performed, eg, A, = 0, A, = A, = 0, etc. The best fit is
. . e o a1 _ .
obtained by setting A NBI A NBI ANBI and allowing A,, A,, A, to be
determined separately. The result is

parameters A,, A

3 4

3

I+

1)10-3, A__ = (1.3 + 0.1)10-2, T, = 0.17 £ 0.01 (s)

Aypr = 3.5 RF inc

A

110+ 6 , A, =-29+5, A, =27 &3,

2 3 4

The scatter in the fit of WT to the data W defined as the r.m.s. of the

relative error is only 11%. The result is illustrated by a plot similar to

dt
in Fig. 9 for the L and H-mode data of Fig. 1. The solid line represents

Figure 1 of the bulk thermal energy Wp versus P- W . Such a plot is shown
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the L-mode scaling [5] and it is again only included for guidance; a linear
offset scaling can equally well represent the data of Fig. 9. Fig. 9 clearly
demonstrates that the large departures from the scaling seen in Fig. 1 can
be identified with the expressions (14-21). The variation of Wp

with P - %% suggests that all pulses (L and H-modes) exhibit the. same
confinement (Tinc) in the bulk of the plasma, 0< x 2 Xy = 0.8 - 1. Fig. 10
shows the fast ion energy content Wf plotted against Te3'2/neo rather than
against input power. Only L-mode plasmas have significant fast ion energy.
The edge energy W, calculated from Eq.(21) is shown in Fig. 11 plotted
against the profile parameter { given by Eq.(7). Even though the
coefficients Am are not related like the coefficients dm of Eq.(7) the
correlation between W, and { is good. This correlation corresponds to the
proportionality between AY, and AY, (Fig. 3b) and similarly between AY, and
AY, (not shown in this paper). The edge energy W, is not proportional to the
total input power (and neither is ), but rather to the power deposition
profile which will vary from pulse to pulse. The characterisation of W, by
Egs.(18) and (21) through weighted integrals shows that the improved confine-
ment in the H-mode regime takes place in the outer region as suggested in

[8]. Presently the extent of this region, ie, x, < x < 1, cannot be deter-

mined directly but only via moments of J¢. The ?arge variations of W at
fixed P as seen in Fig. 1 are therefore identified for L-mode plasmas mainly
with Wf and for H-mode plasmas with W,. It is also emphasized that we cannot
distinguish between cause and effect as regards the L to H mode confinement

transition itself.
The analysis [16] uses the following expression for the total heat flux g

q = —en x <VI> + qPinch
The heat pinch term satisfies the Onsager symmetry principle relating heat
fluxes, particle fluxes and current density. If the latter is modified by a
bootstrap current proportional to T <Vn> so too should the heat and particle
fluxes be modified. Whether the confinement in the H-mode is improved by the
heat pinch itself, by y being a function of T Vn or by the current profile
broadening, cannot yet be clearly demonstrated. In the case of JET a high
spatial resolution of n and T measurements in the edge region is required to
experimentally establish the parametric dependencies of the heat pinch over a
wide range of plasma conditions and if so, which functional form of y

represents both L and H-mode confinement.
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Global confinement analysis has previously (e.g. [5]) established a
dependence cf the confinement time (or its incremental value) upon the total
plasma current. The present work suggests that the plasma current profile
shape is also important.

CONCLUSION

In this paper we have proposed a method for examining the changes to the
plasma current density profile caused by auxillary heating. This method is
based on un-ambiguous current moments and should prove useful to assess the
role of lower—hybrid current drive. We have identified the broadening of the
current density profile, especially for H-mode plasmas, with the presence of
a2 bootstrap current in the edge region. By splitting the total stored energy
into three parts, the fast ion energy, the edge energy proportional to the
current profile broadening parameter and the bulk thermal plasma energy Wb,
we have shown that the confinement properties (Wb vs P) in the bulk of the
plasma are similar for a large nurber of JET L and H-mode plasmas; the
improved H-mode confinement takes place in the outer region of the plasma.
This characterization of confinement data does however not distinguish

between cause and effect as regards the L to H-mode transition.
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FIG. 1. The total stored plasma energy ¥ determined from
diemagnetic loop measurements vs input power-dl/dt. Data
values are for 3HA, 3T DN and SN plasmas. 190 pulses have
L-mode, 124 have H-mode confinement (39 with ELY's).
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FIG. 2. Time evolution of the profile broadening parameter
parameter{ (Eq.7) for three representative JET pulses.

t' s the time with NBI start (#17380), pellet (#16209) and
start of current decay (415954).
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FIG. 3a. Changes to the 3rd vs changes to the 2nd current
moments (£q.8). Pulses with ICRH only show no detectable
changes to the current profile. With ICRH+NBI+pellets the
current profile can be either peaked or broadened.
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FIG. 3b. Changes to the 3rd vs changes fo the Znd current
moments (Eq.8) for the JET pulses used in figure 1.

Most H-mode and some L-mode plasmas exhibil significant
current profile broadening.
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FIG. 4. Increases and decreases to the profile broadening
parameter { and to the D, emission caused by ELMs during
a period with H-mode confinement. t' is start of NBI.
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FIG. 5. Time evolution of the profile broadening parameter
{ for a sequence of one L-mode and 7 H-mode pulses. The H
to L transition for one pulse is arrowed.
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FIG. 6. Average of normalised electron density and

temperature profiles measured by LIDAR. The average

is made of 43 L-mode and 34 H-mode pulses.
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FIG. 7a. The estimated change to Y, due to the ohmic
current does not correlate with the measured change.
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FIG. 7b. The estimated change to Y, due to the bootstrap
current is correlated with the measured change.
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FIG. 8. The increase in total stored energy is seen to be
proportional to the current profile broadening parameter
for 7 pulses exhibiting H-mode confinement.
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FIG. 9. The thermal energy of the bulk plasma derived
from regression analysis shows a power dependence which
is similar in L and H-mode confinement regimes.
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FIG. 10. The fast ion energy derived from regression
analysis does not scale with power inpul. It is therefore
shown, versus Te'/ t/ Ny
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FIC. 11. The edge energy derived from regression
analysis is proportional to the curren profile broa-
dening parameter {defined by Eq.(7)





