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ABSTRACT

The first measurements of toroidal rotation of the bulk plasma during purely Ion Cyclotron
Resonance Frequency (ICRF) heated H-modes on the JET tokamak are reported. Substantial
toroidal acceleration in the direction of the plasma current occurs at the transition into H-mode.
In the present paper the relationship between toroidal rotation and improved confinement of the
H-mode is investigated. We conclude that the dominant driving mechanism for toroidal rotation

is the ion pressure gradient.

1. INTRODUCTION

Two major heating methods are used on the Joint European Torus (JET) tokamak, Neutral
Beam Injection (NBI) and Ion Cyclotron Resonance Frequency (ICRF) heating. ICRF heats the
plasma while applying very little torque to the plasma. In such a situation the relationship
between toroidal rotation and the ion pressure gradient during the H-mode can be more easily
investigated. This is all the more important as ICRF-produced H-modes offer an ideal
environment where H-modes sustained by high energy fast ions (like a particles on ITER) can
be simulated.

It is well known from JET and other tokamaks that the confinement times of thermal
energy and toroidal angular momentum with co-injected NBI are about equal under steady state
conditions (see for example Kallenbach A. et al., (1991)). For near-perpendicular NBI,
however, it is found that the angular momentum confinement time can significantly exceed the
thermal energy confinement time (Asakura N. et al., 1993). Also rotation opposite to the plasma
current has been reported in balanced NBI heated discharges in L-mode, whereas the plasma
was found to rotate parallel with the plasma current with combined balanced NBI and Lower
Hybrid Current Drive (LHCD) (Koide Y. et al., 1992). It was concluded that in the first case
the torque was due to ripple loss of energetic ions, whereas the LHCD case was explained by
the loss of fast electrons. Rotation in the direction opposite to the plasma current has also been
observed on TFTR in ICRF heated plasmas (Hsuan H. et al., 1995).

Rotation parallel with the plasma current has previously been observed on JET in the case
of ICRF heated L-mode discharges (Eriksson L.-G. et al., 1992). The effects of ICRF heating
on H-mode plasmas have been studied on JET only in NBI-dominated discharges, where ICRF
heating at the frequency of the fundamental ion cyclotron frequency of H minority ions (w=w,,)
was applied in a D plasma at the end of the NBI phase (Stork D. et al., 1987, de Esch H.P.L. et
al., 1990, O’Brien DP et al., 1994). In this case application of ICRF resulted in a sharp drop in
toroidal angular frequency.

In this paper the first measurements of toroidal rotation during ICRF-only H-modes are

reported. The angular frequency of toroidal rotation is measured with a high resolution X-ray



crystal spectrometer. The method used for such measurements is described in detail in Section
2, where its uncertainties and limitations are also discussed. In Section 3 a wide range of JET
discharges, all showing different rotational behaviour during ICRF-only H-modes, are
described. Observation of toroidal rotation in ICRF-only H-modes now gives us a good picture
of the phenomena involved, and in Section 4 the experimental results are given a theoretical

interpretation. Finally, in Section 5 the results are summarised and conclusions are drawn.

2. INSTRUMENTATION AND MEASUREMENTS

During 1992/93 the interior of the JET vacuum vessel was extensively modified (Bertolini E.
and the JET Team, 1994). A new pumped divertor was installed, and the layout of the vessel
interior was changed to accommodate it. Consequently the magnetic axis is now typically
located 20 to 30 cm above the geometric midplane, depending on the magnetic configuration.
Additionally the inner wall has been equipped with new guard limiters.

The toroidal angular frequency of the plasma is measured with a high resolution X-ray
crystal spectrometer (Bartiromo R. et al., 1989) that observes the spectrum near the resonance
line w of helium-like nickel (Ni***) (Hsuan H. et al., 1987, Bombarda F. et al., 1988). The line
of sight of the instrument is located in the geometric midplane of the torus, as shown in Fig.1,
and therefore about 20 to 30 cm below the magnetic axis.

The installation of the inner wall guard limiters has resulted in a partial vignetting in the
spectrum, since the impact parameter of the line of sight with respect to the torus axis is
wavelength dependent. For the main part of the spectrum the line of sight intersects the plasma
twice. However for some wavelengths the line of sight is directed at the guard limiter, which
results in the photon count being halved. Additional vignetting is caused at the edges of the
spectrum by structures in the neutral beam duct.

Because of these problems caused by the structural changes of the vacuum vessel, the
methods developed to derive ion temperature and rotation frequency from the spectra up to
medium (Bombarda F. et al., 1989) and high temperature (Zastrow K.-D. et al., 1991) can no
longer be used. It must also be noticed that the observed changes in the frequency of toroidal
rotation are intrinsically small. It is therefore justified to analyse in detail the procedure used to
obtain measurements of toroidal rotation from the observed spectrum, and discuss the

uncertainties involved.
2.1 Treatment of the spectrum and error evaluation

A new least squares fit program has been developed that, among other things, takes into
account the electron temperature dependent apparent shift and broadening of the resonance line
due to n>2 dielectronic satellites (Bitter M. et al., 1981). The weighted least squares fit also

gives the errors of the fit parameters (Press W.H. et al., 1992). For the data presented in this



paper the statistical error on the frequency of toroidal rotation is about 2-3 krad/sec. The
resonance line is described as the real part of the complementary error function with complex
argument, the so-called Voigt function, with a Gauss contribution to describe the Doppler
broadening and a Lorentz contribution to account for the natural line width and the instrumental
function. This function is implemented using the approximations described by Humlicek J.
(1982), since this is more than a factor 20 faster than the accurate function described by
Gautschi W. (1970). The method is correct to better than 10~ of the central intensity over the
full line profile.

The atomic data necessary to describe the full structure of the resonance line and its
dielectronic satellite lines are taken from Bombarda F. et al. (1988) and Zastrow K.-D. et al.
(1990). Five parameters describe the structure of the resonance line, namely continuum level,
resonance line intensity, Doppler width and shift of the resonance line and an effective electron
temperature to describe the dielectronic satellite structure. To avoid errors due to the partial
vignetting the fit is only performed for channels that are unaffected (see Fig.2). The accuracy of
this procedure can be checked by comparing the relative intensity of the satellites that results
from this analysis with the expected value from line of sight integrated synthetic spectra based
upon the measured electron temperature profile and assuming coronal equilibrium. To avoid the
influence of the vignetting the spectrum is truncated in the analysis at a wavelength where there
is still a contribution from the satellites. Therefore the measured intensity ratio is always lower
than the predicted one. The trend of the measurement and the prediction in time are however in
good agreement.

The results of the spectrum analysis represent the plasma conditions in an emission shell
of effective minor radius {p) and width o(p), defined as,
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where € (R) is the emissivity of the resonance line, n,(R) is the electron density profile, R, is
the position of the magnetic axis, and f(Ni*** ;R) is the fraction of helium-like nickel calculated
from the electron temperature profile assuming coronal equilibrium (Zastrow K.-D. et al.,
1991, Zastrow K.-D. et al., 1990). This position 1s time dependent, mainly since the magnetic

axis moves vertically, but also due to changes in electron temperature. Thus the rotation data



represent, in principle, different points on the radial profile at different times. For the discharges
considered in this paper we find that <p>=0.35+0.05 and o(p)=0.1510.05.

The parallel component of the toroidal velocity v, of an ion emitting radiation of
wavelength A, at a major radius R along the line of sight with a distance of closest approach to
the torus axis Ry(A) is v, =v,Ry(A)/R. This movement in the parallel direction will cause a

Doppler shift of the observed spectrum AA/A,=-v,/c. The angular frequency of toroidal rotation
is w=v,/R, and can therefore be calculated from the observed Doppler shift as w=-cAMA,
R,(A). The convention is that the angular frequency is positive for rotation in the same direction
as the toroidal plasma current. Any poloidal rotation would result in additional line broadening,
since the line of sight intersects the plasma twice in the radial direction.

For the X-ray crystal spectrometer the spectral dispersion as function of the measured
position x on the detector is in second order (n=2),

nA =2dsin(cos™ (cos®, + (X—X,)

) (2)

L
where 2d 1s the lattice constant (=4.000 A for Ge440) and 2R, =25.04m is the diameter of the

Rowland circle. Without Doppler shift, the observed spectral line would be seen at the detector
coordinate x, at a Bragg angle 8,. The wavelength A, =1.5886 A for the resonance line of

helium-like nickel (Hsuan H. et al., 1987, Bombarda F. et al., 1988) corresponds to a Bragg
angle 6,=0.91786 rad. The impact parameter of the line of sight, R (L), is given by,

R,(M) =R, (A,)+ _LO (cosB— cosB,)
sin@, 3)

L
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where L;=24.38m is the distance from the crystal to the point of closest approach of the line of
sight to the torus axis. The impact parameter of the line of sight for wavelength A, can be
calculated from the major radius of the guard limiter, R,=1.82m, that causes the vignetting for
wavelengths larger than A, at a detector position x,.

The wavelength scale is calibrated by comparison of the derived angular frequency during
NBI obtained with visible charge exchange recombination spectroscopy of C*® and corrected for
cross section effects (Danielsson M. et al., 1992, von Hellermann M.G. et al., 1995). Fig.3
shows the comparison of the angular frequency of Ni*** with that for C* at the position p=<p>
(see Eq.(1)) of the emission shell of helium-like nickel. The uncertainty of the absolute level is
10 krad/sec.

The errors on the measurement of the toroidal rotation frequency can then be summarised

as follows. The statistical error is about 2-3 krad/sec for the data presented in this paper. The



uncertainty of the absolute level, determined by cross calibration with rotation measurements of
carbon, is 10 krad/sec. The electron temperature dependent shift of the resonance line due to

dielectronic satellites is included.
2.2 Rotation differences between Nickel and Deuterium on JET

According to a neoclassical theory (Kim Y.B., Diamond P.H., and Groebner R.J., 1991) there
is a difference between the rotation frequency of nickel (and carbon) and that of deuterium, due
to the ion density and temperature gradients, and the presence of a parallel electric field. The
theory is applicable to JET, since the background ions are in the banana regime. Depending on

the amount of impurities present, different correction factors apply. On JET the case

2

n imp Z imp
2

r1fuel fuel

o=

<<1, where the impurity viscous force is negligible, applies to nickel, while

a=1 1s valid for carbon. In the first case the correction is proportional to the ion temperature
scale length, whilst in the second case there is an additonal term proportional to the ion density
scale length. A further correction term is in principle necessary for positions close to the
magnetic axis, due to the presence of the toroidal electric field. However this latter term has
only been calculated in (Kim Y.B., Diamond P.H., and Groebner R.J., 1991) without viscous
damping, and should therefore be used with caution.

All three terms predict that the rotation speed of the impurities is smaller than that of the
background plasma, for rotation defined in the direction of the plasma current, as long as
temperature and density profiles are peaked.

Differences in angular frequency between nickel and deuterium have been evaluated for
the experimental conditions relevant to this paper (R;=2.95 m, a=0.95 m, [ =3 MA, Z,,=2.5)
and are shown in Fig.4. For the calculation T (r)=T,(r) and ny(r)en.r) have been
assumed, while the toroidal electric field has been estimated from the Spitzer resistivity. All
three correction terms are found to be of the order of 2-3 krad/sec, which is comparable with the
statistical error of the measurement discussed in Section 2.1.

The theory also predicts a difference of the order of 2 krad/sec between an impurity like
carbon (a~1) and nickel (a<<1), which has an effect on the calibration presented above. Nickel
is predicted to rotate slower than deuterium for all radii, since the ion temperature profile is
peaked. Towards the edge there is an additional drag on carbon, so that the predicted difference
is larger. In the centre however the effect changes sign due to the hollowness of the density
profile. The predicted difference between nickel and carbon however is much smaller than the
errors in the calibration itself.

Assuming profile shapes to be similar a larger correction would apply for smaller
tokamaks, due to the reduction in major radius, minor radius and plasma current, in agreement
with results published by the DIII-D Team (Kim J. et al., 1994). Note, however, that already



on DIII-D (R,=1.68m, a=0.62m, Ip=1 MA) this correction is only of the order of 10 krad/sec in

the plasma centre, and becomes larger only in the vicinity of the last closed flux surface.

3. RESULTS

Measurements of toroidal rotation have been obtained during ICRF-only heated L- and H-
modes in the 1994/95 JET Experimental Campaign using the technique described in Section 2.
Such measurements are particularly interesting since for the first time it is possible to investigate
changes in angular momentum frequency ® and angular momentum density ¢ of toroidal
rotation correlated with plasma phenomena like the transition to H-mode and giant ELMs. The
angular momentum density is defined as /=n, < m> 8w, where n, is the plasma density, <m>
is the mean mass per electron, while 8 is the moment of inertia of the flux surface at which the
measurement is taken.

Different rotational behaviours of the H-mode plasma have been observed. A typical
example of a rotating RF-only H-mode is given by the 2.8T/3MA plasma of Fig.5, where the
ICRF heating was used with a predominantly symmetric spectrum peaked around n,=30 (On0n
or dipole phasing, see for example Gormezano C. et al., (1996)). Concomitant with the
application of ICRF heating is a small positive (i.e., in the same direction of the plasma current)
step in angular frequency (and angular momentum density) in the L-mode phase. This step is
real, as observed previously by Eriksson L.-G. et al. (1992). During the L-mode phase both ®
and / remain constant, but when the L-H transition occurs the plasma starts to accelerate
(Fig.6). In the example of Fig.5, like in many other cases, neither ® nor ¢ reach a saturation
level, but keep increasing throughout the RF phase. The maximum level reached corresponds to
about 10-20% of the rotation observed with NBI in similar experimental conditions
(P-1. =3MW-sec).

It is well known that neutrals at the plasma edge affect the rotation. This effect is most
clearly seen in a series of discharges affected by high recycling levels, of which Fig.7 is an
example. In this 3.2T/2.5MA plasma, heated by ICRF with Onn0 phasing, the increased level
of charge exchange neutrals from the plasma facing components of the first wall clearly acts as a
braking term on the plasma. Thus after the initial acceleration of the plasma, due to the transition
to H-mode, the rate of change of both angular momentum density, d//dt, and of angular
frequency, dw/dt, first come to a halt, and then reverse sign. This example underlines the role
that the level of recycling has on toroidal rotation. This is all the more important in view of the
consequences that decreased rotation may have on confinement and plasma stability.

Another notable example is given in Fig.8 (a 3T/3MA plasma with OnOn phasing of the
ICRF wave), where the influence on toroidal rotation of the penetrating giant ELM is evident.

In fact in this pulse the plasma starts to accelerate at the H-mode transition, but when the giant



ELM occurs the plasma loses momentum, returning to a value of @ (and ¢) only slightly above
that of the L-mode. When the perturbation is dispersed the plasma starts to accelerate again.

As it can be seen in Fig.5, the change in the D, signal at the L-H transition is relatively
small. It is unlikely that the accompanying small change in recycling can explain the increase in
rotation velocity. We must therefore look for alternative explanations, which will be discussed

in the next Section.

4. DISCUSSION

In order to qualitatively interpret our results we need to briefly discuss the theoretical
background for plasma rotation. According to neo-classical theory a plasma with an ion
pressure gradient will rotate in the direction of the plasma current (Hazeltine R.D. and Meiss
J.D., 1992). Normally there are discrepancies between the prediction of neo-classical theory
and experimental measurements of plasma rotation (Connor J.W. et al., 1987). These
discrepancies can be attributed to presence of neutrals in the plasma and other processes leading
to anomalous viscosity. However, the basic driving mechanism described by neo-classical
theory remains valid. Thus, if no other momentum sources were present the plasma would
rotate in the direction of the plasma current. This is consistent with the observed initial rotation
of the plasma and the subsequent acceleration after the L-H transition, when the charge-
exchange neutrals are reduced and the pressure gradient builds up.

A radial electric field could, in principle, arise because of thermal ion losses and cause the
plasma to rotate toroidally. Indeed rotation opposite to the plasma current is observed in the
limiter phase of the discharge, with rotation frequencies up to -40 krad/sec. During the X-point
phase, however, the thermal ion losses are reduced, and the plasma slows down to a value that,

within the errors of the measurement, is around zero.
4.1 Momentum absorption from the RF wave

The situation described above is complicated by the fact that the ICRF waves can act as source
of momentum for the plasma. As the resonating ions absorb the wave energy they also absorb
momentum from the wave. This is true even if the toroidal wave number spectrum is
symmetric, which was the case in the experiments reported in Section 3 (OmOn, OnmO
phasings). In order to see this it is necessary to discuss the nature of the wave particle
interaction in more detail.

The discussion will concentrate on the interaction between trapped ions and the waves,
since these interactions play a crucial role for the momentum absorption. The geometry of the
ion cyclotron resonance absorption in a torus is shown in Fig.9, where the directions of the
magnetic field and plasma current are relevant to the experiments reported here. In the vicinity

of a point where the Doppler shifted wave frequency equals the cyclotron frequency , , or a



harmonic of it, resonance interaction takes place, 1.e. in a vicinity of w—k-v, =nw_,, where

k is the wave vector (of components k,, k, parallel and perpendicular to the external magnetic
field, respectively), and v, is the drift velocity (including the parallel velocity of the ion). As a

result of the interaction the velocity of the ion is changed (Stix T.H., 1975). This change is
mainly in the perpendicular velocity component and to lowest order in k  p,

Av, «|E |exp(ia) , 4)

where p is the Larmor radius, E_ is the component of the wave electric field rotating in the

direction of the ions and o is the relative phase of the Larmor rotation of the wave as the ion
enters the interaction region. However, the parallel velocity has also changed. In fact it can be
shown that (Stix T.H., 1975),

Av, =k, Av, /(nw ) . (5)

Thus, provided that the wave has a finite parallel wave number, an ion will receive a
change in its toroidal velocity Av, = Av, B /B. It is now tempting to think that the total change

in parallel velocity is zero for a symmetric spectrum, i.e. for EN = E_N , where N = kR is the

toroidal mode number and,

E=) E,exp(iNg) . (6)

This 1s, however, not the case. To understand this the radial movement of the 1ons must
be considered. In between the resonant interactions the ions move essentially along unperturbed

orbits given by the equilibrium magnetic field. Hence, the canonical angular momentum,
P, =mRv +Zey , where y is the poloidal flux, is conserved in between interactions. For a

trapped particle, the change in parallel velocity at a resonance can then be related to the change
in poloidal flux at the turning point, where v, =0 (see ¢.g. Chen L., Vaclavik J, and Hammet

G. (1988)),

mR
A\Up,hp. = —Z?Avw , (7)

where t.p. indicates the turning point. Alternatively, using W =J RB,dr, and consistently

with the sign conventions of Fig.9,

m
Ar,, = =B Av, . (8)




Absorption of the wave power is a diffusive process in phase space, i.e. a particle must
lose its phase information through collisions (Stix T.H., 1975) or non-linear processes
(Helander P. and Lisak M., 1992), between successive transits of the resonance region. Thus
in Eq.(4) o is random for an ensemble of particles entering a resonance region. Consequently,
a particle has equal probability of receiving a positive or negative change of its toroidal velocity.
However, because the density of fast resonating ions initially decreases with minor radius there
is an effective diffusive flow of fast ions outwards and the sum of the changes in toroidal
velocity is finite, i.e. on average Ar, is positive. As the fast ion distribution function evolves
in time the situation becomes more complicated and the density profile of fast ions might even
become hollow (Hellsten T., 1989), but there still is an effective outward flow of fast ions (i.e.
ions with high perpendicular velocities) which must be balanced by an inward flow of low
energy ions (Hellsten T., 1989) (note that due to a sign error, the direction of the predicted RF
torque is wrong in this reference). Consequently, the resonating ions continue to absorb
momentum from the wave until a steady state is reached. Thus, the absorption of wave
momentum by fast ions for a symmetric spectrum depends on the outward flow of these ions.
The momentum absorbed from the wave is transferred to the background plasma via collisions
and through a j, x B force, where j, is a radial current in the bulk plasma. This radial current
arises in response to the fast ion current, and ensures that charge neutrality is approximately
maintained (Hinton F.L. and Robertson J.A., 1984).

The direction of the absorbed momentum can be derived as well. As can be seen from
Eq.(8) a net outward flow of fast ions corresponds to a net input of momentum in the direction
opposite the current, which is consistent with the direction of the J x B force on the
background plasma. Thus, the total momentum absorbed from the wave and transferred to the
background plasma is counter to the plasma current.

With an asymmetric wave spectrum wave momentum can be injected in either direction.
Furthermore, the amount of momentum transferred can be significantly higher that in the
symmetric case. In reality the wave spectrum is not completely symmetric even when OnOR or
00nm phasings are used. One of the reasons for this is that the currents in the antenna straps
cannot be controlled to 100%. However we do not think that these “intrinsic” asymmetries are
large enough to influence the results presented in this paper.

In addition to absorb wave momentum, the resonating ions can also provide a momentum
source if they are lost to the wall. The resulting torque from such losses is counter to the plasma
current. This effect is fairly weak in JET, where energetic resonating ions are normally well
confined. However such an effect could be important in tokamaks where fast 10n losses are
significant. This is a possible explanation for the counter rotation observed in ICRF heated
plasmas on TFTR (Hsuan H. et al., 1995).



4.2 Discussion of experimental results

Since the observed rotation is in the direction of the plasma current and it was shown in Section
4.1 that RF induced torque is counter to [, then it appears that the ion pressure gradient Vp, is

the driving mechanism for toroidal rotation. If this is the case, then the angular momentum
density is expected to correlate well with Vp. . Furthermore, since the ion pressure gradient and
the ion pressure itself are closely related, a good correlation with the 1on pressure (~n,T) in
the central part of the plasma is also expected.

From the analysis of the spectra, the ion temperature T, at p=<p> is obtained. The total
ion density n, can be inferred from the local measurement of the electron density and the line

average Z,, which is dominated by carbon (Z=6),

Z. —1
nI:nd+nC:ne(l— eﬁz ) (9)

The local angular momentum in the toroidal direction for times after the L-H transition
from all the RF-only H-modes considered in this paper is plotted against the product n,T; in
Fig.10, which shows that the angular momentum density increases with ion pressure for low
recycling conditions (points of low D, intensity in the figure). This can also be seen in Fig. 11,
which shows the time evolution of both angular momentum ¢ and n,T,, normalized to the value
at the L-H transition, for the discharge of Fig.5 (32411). From Fig.11 it can be concluded that
both quantities evolve on a time scale comparable to the energy confinement time.

This result, together with the fact that the experimentally observed changes in rotation
velocity are positive, that is in the same direction as the plasma current, lead us to conclude that
the ion pressure gradient plays a dominat role in ICRF-only H-modes, and that consequently
the ICRF-induced counter torque must be relatively weak. Furthermore, an increase in ion
pressure seems to be sufficient to explain the observed changes in angular momentum density.
Although a change in angular momentum confinement is expected at the LH transition, it cannot
be clearly demonstrated with our present data.

Lastly, it should be noted that previous results obtained on JET with ICRF heating in L-
mode plasmas (Eriksson L.-G. et al., 1992) showed a correlation between rotation and
perpendicular energy of the fast ions. In the light of the results presented in this paper, it
appears that such correlation cannot be taken as indication of a torque associated with the fast

ions.

5. SUMMARY AND CONCLUSIONS

In the present paper the first measurements of toroidal rotation during purely ICRF heated H-

modes on JET have been reported. The technique used for these measurements has been

10



described in detail, the absolute error has been established to be of the order of 10 krad/sec,
while the statistical error is estimated at 2-3 krad/sec. The X-ray crystal spectrometer measures
the rotation velocity of Ni**® impurities. However in Section 2 it has been shown also that for
JET plasmas the difference of rotation between Ni** and D ions is of the order of 2-3 krad/sec
at p=<p>, well within experimental error, and that therefore for all practical effects they are the
same.

Various examples of rotating H-modes have been introduced. The changes in angular
frequency ® and angular momentum / have also been shown to be closely related to the
presence of neutrals at the plasma edge. This means that in the presence of high recycling the
angular momentum density ¢ may not increase. This may have profound consequences on
confinement and stability of the plasma in both L- and H-mode conditions, and it will be
investigated in detail in the next JET Experimental Campaign.

The contribution of a symmetric RF wave spectrum to toroidal rotation has been found to
be in the direction opposite to that of the plasma current. However both theoretical
considerations and experimental evidence lead us to conclude that the ion pressure gradient is
the main driving mechanism for toroidal rotation, which occurs in the same direction as the

plasma current, and that the counter torque produced by RF must be rather small.
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Figure I: Layout of the High resolution X-ray crystal spectrometer in the JET vacuum vessel. The position of

'‘Normal' NB

Multichord fibre optics
for charge—exchange
spectroscopy

‘Tangential’ NB

'‘Normal' NB

X-ray crystal
spectrometer

JG96 170/1¢c

the Neutral Beam Ducts is also shown.
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Figure 2: Spectrum of the resonance line of helium-like nickel taken with the high resolution X-rav crystul
spectrometer (JET Pulse No 32410 at t=18.57-18.60). The data are fitted in the unvignetted part of the
spectrum, i.e. between the first and last vertical lines. The intermediate vertical line marks the position of the

line without Doppler shift. The observed wavelength shift corresponds to a frequency of toroidal rotation of 18

krad/sec.
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Figure 3: Comparison under steadv-state conditions of toroidal angular frequency measurements of C** and
8 A )

Ni*** at the same value of <p> (see Eq.(1)).
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Figure 4: Input data and results for the calculation of the difference between the rotation frequency of
impurities and deuterium for r/a<0.9 (data correspond to the pulse of Fig.5 at t=18.5 sec). In Fig.4a is shown
the electron temperature profile from ECE and the single point ion temperature measured with the X-ray
crystal spectrometer, showing the position and width of the emission shell (see Eq.(1)). In Fig.4b the electron
density profile from LIDAR is reported, while in Fig.4c the toroidal current density calculated from EFIT is
shown. The correction terms estimated using the results of Kim Y.B., Diamond P.H. and Groebner RJ. (1991)
are shown in Fig.4d for trace impurities (a<<1), dominant impurities (0=1) and for the difference due to the

toroidal electric field for nickel.
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Figure 5: Example of ELM-free ICRF heated H-mode obtained at B=2.8T and I,=3MA. At the transition to H-
mode the plasma starts to accelerate in the same direction as the plasma current (positive increase in the
figure). Note also the different levels of angular frequency between ICRF and NBI: on average it has been
estimated to be about 10-20%.
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Figure 6: Close-up of Figure 5 around the H-mode transition. In the figure three phases are evident,
corresponding to changes in angular frequency. In the first, Ohmic phase, the angular frequency is around 5

krad/sec. When ICRF is switched on, @ settles around values of 9 krad/sec. Lastly, after the H-mode transition

the plasma accelerates in the direction of the plasma current.
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Figure 7: Increased recycling, expressed as the ratio of the D, signal and the line integrated density along the
same line of sight, during an ICRF heated H-mode (B=3.2T, I ,=2.5MA) causes the plasma to decelerate. At the
same time the ELMy nature of the H-mode changes (cfr. with ELM-free H-mode of Fig.5).
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Figure 8: The effect that edge conditions have on toroidal rotation of the plasma are most clearly seen in this
3T, 3MA H-mode, where the giant ELM perturbs the plasma as deep as <p>=0.35 causing a sudden
deceleration. When the perturbation is dispersed, the plasma accelerates again, eventually reaching values of

the angular frequency of the same order of that measured before the giant ELM.
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Figure 9: Geometry of ion cyclotron absorption in a torus. The directions of the magnetic field and current are

relevant 1o the experiments reported in the present paper.
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Figure 10: Correlation between the local angular momentum density and the ion pressure, expressed as the

product of ion density and ion temperature, measured at the same radius as ¥ (p=<p>). Open circles

represent data with high levels of Da > 4 107/cm®sr sec, filled circles on the other hand represent low

recycling conditions.
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Figure 11: Time evolution of the local angular momentum densitv and the ion pressure, expressed as the

product of ion density and ion temperature, measured at the same radius as { (p=<p>), for pulse 32411

(Fig.5). The data have been normalised to the respective value at the time of the L-H transition.
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