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ABSTRACT

Two series of JET shots, one on hot ion shots and one on hot electron shots, have been analysed in
order to improve the understanding of how the temperature ratio T/T; influences the performance.
Comparisons are also made with ITER simulations which are in the hot electron regime. The
temperature ratio has been varied between different shots, in partly interpretative simulations of
one shot and locally. The effect of the variation of the temperature ratio depends strongly on how it
is done but can also be different in different types of shots. In general, however, an increased
electron heating deteriorates confinement rather strongly. This is the situation for increasing the
alpha power in ITER. ITER simulations show, however, that the effect is not dramatic.

1. INTRODUCTION

The favourable aspects of the hot ion regime for confinement have been well known since the
initial success of neutral beam heating [1]. The basic reason for the present interest in effects of the
temperature ratio T/T; on tokamak transport is the fact that most present day high performance
shots have strong ion heating while aburning machine, like ITER, will have most of the heating on
electrons. In order to try to understand the importance of the temperature ratio, two series of JET
shots, one in the hot ion regime [2] and one in the hot electron regime [3] have been analysed by
predictive transport simulations. The hot electron regime was analysed in [4]. In the present work
the main focus will be on the hot ion regime.

The transport model used is theWeiland drift wave model [5]. This model includes the lon
Temperature Gradient (ITG) mode, the Trapped Electron (TE) mode, the impurity I TG mode, the
Kinetic Ballooning (KB) mode and the MagnetoHydroDynamic (MHD) ballooning mode. The
I'TG modeincludes both slab and curvature (toroidal) drive and the TE mode can be driven by both
the density gradient (ubiquitous mode) and by the Electron Temperature Gradient (ETG)
(compressional TE mode). The compressional TE mode is usually the most important TE mode in
the bulk of H-mode plasmas dueto the flat density gradientsthere. It isessentially symmetric to the
I TG mode and thus has adispersion relation similar to that of the ETG modewhichis, however, not
included. Its threshold is not expected to be reached by the gradients occurring in the experiments
studied here. The KB mode is el ectromagnetic. Its growth rate increases with 8 and it connects to
the MHD ballooning mode in the MHD unstable regime. It isusually only important near the axis.
Thetransport coefficientsincludeafull transport matrix including possibilitiesfor fluxesthat increase
gradients (pinches). The present work focuseson JET shots but al so makes comparisonswith D-I11-D
[6] and AUG [7]. These relate to modulations in heating as also studied in JET [8]. Finally,
comparisons with ITER simulations are also made [9]. The simulations in this work were made
with the recently upgraded version of our transport model [10].

2. BRIEF OVERVIEW OF JET PULSES
Here we are mainly going to show resultsfrom simulations of hot ion H-modes. Comparisons will,
however, be made with a JET hot electron H-mode, Pulse No: 52096.



The el ectron temperature was measured from el ectron cyclotron radiation while theion temperature
was measured by charge exchange spectroscopy. The electron density was measured by Thomson
scattering. The error bars are typically around 10% on electron temperature and density and about
15% on ion temperature.

Herethe % al phapower ison the auxiliary electron heating. The peaking factor (Peak) isdefined
as the ratio of central density and density at half radius. The toroidal magnetic field was around
3.5T for al shots and the plasma current around 2.5MA.

Comparison was made with the hot electron H-mode shot 52096 [ 3, 4]. Here the diagnosticswas
the same except for electron temperature which was here also measured by Thomson scattering.

3.BASISOFITGAND TE MODE SCALINGS

In the flat density tokamak core the ITG and TE modes are basically resonant modes associated
with fluid resonances. In this regime they decouple and are in the simplest toroidal case described
by quadratic dispersion relations. Including aso the dilution on the ITG due to electron trapping
(fraction f;), we use the notations: . ]- and wp;j are the diamagnetic and magnetic drift frequencies
where j indicates particle species (as aso in other quantities). L= —jl(di/or) isthe scale length of
profile quantity j and nj = Ln/LTJ- isthe ratio of density to temperature scale lengths of quantity j.
Furthermore the subindex ‘th’ indicates threshold. Now also introducing the trapped fraction f, we
have:
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Theloca 1TG threshold without finite Larmor radius (FLR) effectsis:
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Here the nonlocal threshold was obtained by solving the linear eigenvalue equation analytically in
the strong ballooning limit. This means that parallel ion motion, and thusthe slab ITG, isincluded.
The loca threshold is obtained when parallel ion motion can be neglected. It follows from the
strong ballooning case if we let the safety factor q go to infinity. In this limit we have only the
toroidal drivefor the ITG mode. Thisis shown by the property of (1c) that the threshold expressed
in n; (after multiplication of (1c) by &) approaches infinity when ¢, tends to zero.



3.2. TE MODE
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We notethetrend for the TG and TE modesto propagatein different directions. The phasevelocities
have equal magnitudes but opposite signswhen ft =0.5and f = 1 if FLR effects are ignored.

Itisinteresting to note the (quasi-) symmetry in phase vel ocities while the temperature behaviour
isasymmetric. The ITG mode is driven by the root of the product of ion and electron drifts while
the TE modeisdriven by purely electron drifts. Thisideal form of the TE mode does not depend on
the ion temperature at all. (We note the difference to the ubiquitous mode which is actually due to
a coupling between the present modes.) We also note that the threshold of the ITG mode increases
in the hot ion regime while that of the TE mode isindependent of temperature. The transport code
which we will use, of course, includes all couplings and intermediate states between the ‘ideal’
modes considered above. We, however, expect that confinement will deteriorate when we increase
Towhileanincreasein T, hastwo counteracting effects: both the driving term and the threshol d will
increase.

We have given here both the local and the nonlocal ITG thresholds. The nonloca threshold is
actually the threshold of the dab ITG mode while the local threshold gives the onset of the toroidal
ITG mode. The loca threshold is always larger than or equal to the nonlocal threshold. Since the
toroidal ITG modeisstronger than the dab ITG mode, we have akind of two-step process. When we
increase the temperature gradient we first get the dab ITG mode and then the toroidal ITG mode.

4. SIMULATIONS

The simulations were predictive for both temperatures and el ectron density. The impurity density
was kept as a fixed fraction of the electron density and the ion density was then obtained from
guasineutrality. The simulations were made for one time slice of the experiment, i.e. with fixed
sources, outer boundaries and MHD equilibrium. The inner boundary, at 10% of the minor radius,
had a flat profile while the outer boundary, at 90% of the small radius, had a fixed value. An
additional diffusivity of 0.2m? s~ was added between 10% and 20% of the small radiusfor electron
temperature and density simulation. This is because the drift waves sometimes become stable in
thisregion. For therotation, aradial electricfield isobtained from radial pressure balance, including
neoclassical effects and atoroidal velocity taken from experiment. Thisis afull paper version of
the EPS paper P1 160. The simulations in this paper are al made by the new version [10] of the
model with varying correlation length. Thisis the reason for minor differences.



The JET shotswe study here[2] arefrom the Tritium campaign. Recent JET shotsusing ICRH with
minority heating [3] have obtained T/T; of about 2. These shots do not have the very good
confinement of the hot ion regime but are still not far from typical scaling laws.

Although it iswell known that the hot ion regime gives reduced transport in ITG models, it has
usually been difficult to recover the very high central ion temperature in transport simulations
using ITG trangport. In the present simulations we have succeeded rather well in most cases. The
confinement has been improved by rotation and finite beta effects. The decrease of ion temperature
with increased electron heating seen on D-111-D andAUG has been recovered qualitatively by
artificially increasing the NBI electron heating in the simulations of JET shots. Transport barriers
were obtained by artificially increasing the ion heating also without rotation. Finite beta effects
tend to contribute to this by giving an ion heat pinch.

Theradia profiles of T; and T, from experiment [2] and simulation for atypical hot ion pulse
(Pulse No: 42856) are shown in Fig. 1. In this shot the auxiliary heating was only a neutral beam
with 7.3MW on ions and 2.3MW on electrons. ThiswasaDT shot with apha power 0.31MW on
electrons. A simulation of another hot ion JET shot with less peaked density is shown in Fig. 2.

The peaking factors are seen in Table 1. Although Pulse No: 42847 has slightly more heating,
Pulse No: 42856 has somewhat higher temperatures. Note that the scales on the y-axis do not start
at zero. For the density in Pulse No: 42847 it starts at 2.6x10™°. Thus the maximum error in the
simulation is 13%. Although the difference in peaking is not within the accuracy of the simulations,
the trends in the ssimulations are the same as in the experiments.

We have aso ssimulated the DD reference Pulse No: 40365. The simulation was quite successful
but behaved very similarly to those of the DT shots. One noticeabl e difference was, however, that
the ion temperature was dlightly higher without alpha heating. This was because of a feedback
loop, involving the ITG threshold, which will be discussed | ater.

5. THRESHOLDSAND STIFFNESS

As seen from equation (1b), the ITG threshold depends on the temperature ratio while the TE
threshold does not, as seen from equation (2c). Thisiswhy the hot ion regimeisfavourablefor ion
energy transport. Actually the ion energy transport has amaximum as a function of T/T; when the
ion temperature is varied and the electron temperature is kept fixed. This is a property directly
related to the ideal, decoupled modes as described by equations (1) and (2) but this property also
remainsin thefull, coupled system aswewill soon see. Asshown by Fig. 2, however, both ITG and
TE thresholds have a stronger impact on the temperature profilesin the hot ion regime than in the
hot electron regime. Although we plot the thresholds of the ideal modes, the temperature profiles
are controlled by the coupled modes. Thisiswhy the el ectron temperature stays closer toitsthreshold
in the hot ion case. The T, mode is actually stiffer in the hot ion regime than at comparable
temperatures. Also, the ITG mode stays closer to threshold. However, an increased ion heating
leads to a higher ITG threshold and, accordingly, to reduced transport. Thus, an increased ion



heating tendsto give acomparatively large increase in the ion temperature and sometimes even an
ion ITB can result.

Asseenin Fig. 3, theradia shapes of thresholds of ITG and TE modes and the corresponding
experimental gradient profiles of T, and T, are very different for hot ion and hot electron shots. In
the hot ion regime, profilestend to follow thresholds all theway out to the edge. Thisis particularly
clear for the ITG mode. We have here plotted the local ITG threshold which is similar to the TE
threshold. It givesthe threshold of thetoroidal I TG mode which hasthe larger growth rate. We can
seethat thethreshold increasesin the hot ion regimefor large €, Thisis particularly obviousfor the
nonlocal threshold. However, here all the terms are contributing. It isimportant to remember that
while the thresholds are those of the ideal modes, the temperature profiles are caused by the full
model containing all the couplings between the modes. Thisiswhy there is a difference at all for
the TE mode since the ideal mode does not depend on the temperatureratio. The thresholdsof ITG
and TE modes are not directly comparable since ¢, isalso different. In general, the threshol ds seem
to play a more important role in the hot ion regime since the temperature profiles are closer to
threshold.

Tests were made by artificialy increasing the NBI electron heating with a space independent
factor inthesimulations. By doubling the el ectron heating, the central electrontemperatureincreased
by 10% whilethe central ion temperature decreased by 9%. When the el ectron heating was multiplied
by 4, the central T, increased by 15% while the central T, decreased by 28%. This shows that the
electron channel is very stiff while the ion temperature is reduced for increased electron heating.
Such qualitative trends have been seen experimentally on D-111-D [5] andAUG[6]. Inthe simulations
the reason for thisis areduction of the threshold of the ITG mode when T/T; isincreased.

When the ion heating was increased artificially in the simulations of the hot ion regime, theion
temperature increased strongly and eventually atransport barrier was formed. The smulationsin
the hot ion regime were very sensitive due to the appearance of transport feedback loops. One such
loop is active in connection with an increase of electron heating. Here the increased T, leads to
increased T/ T; which decreases the ITG threshold. This leads to a reduction of T; and a further
increase in T/T,. The feedback is terminated when the parts of the threshold (1c) that grow with f
become comparableto theterm with f in the denominator. The opposite feedback |oop gets activated
upon adecrease of electron heating. Another feedback loop involvesrotation. An increased density
gradient gives increased rotation which gives an increased temperature gradient. An increased
temperature gradient will, through off-diagonal transport fluxes, reduce the particle transport and
the density gradient isincreased. Because of this, transport barriers can sometimes also be formed
in the simulations when the experiment does not have a barrier. This is because of the strongly
nonlinear situation giving apossible bifurcation. Thus, in some cases either the particle transport or
the rotation had to be turned off.

In the hot electron regime, good agreement was, in general, obtained with thetemperature profiles
of the JET shotsin thisregime [4]. However, strong stiffness was obtained in the simulations when



the electron heating was artificially increased by a factor of 4 or more and we had both ion and
electron heating. Thiscould even lead to increasing gradient scale lengthsin steady state [4]. At the
transition to the latter behaviour, thereis aregion where the gradient scale length isindependent of
the heating power. Here the incremental stiffness, in the sense of change in gradient length scalein
responseto increased heating, isinfinite. The conventional stiffness, intermsof transport coefficients,
was also high. It was actually about a factor 3 higher than for the experimental case when the
electron heating was increased by afactor 5. Thiswas at half radius where the temperature gradient
length scales had changed very little. The main reason for the increased stiffness was the increased
temperatures (due to the gyro-Bohm scaling of diffusion coeffficients asTl'S). No transport barrier
could be obtained. Note, however, that perturbative simulations close to experimental profileswith
only electron heating indicated mild stiffness[8]. The characteristics of gradient profileswerevery
different in hot electron and hot ion regimes and the hot ion regime gave good confinement.
Nevertheless, replacing ion heating by electron heating can be beneficial. Thisis due to akind of
dilution effect caused by the fact that only TEs contribute to transport in low beta plasmas.

6. ION HEAT PINCH

A very interesting feature seen in several simulations of hot ion H-modesis the presence of strong
off-diagonal or convective ion heat fluxes. In several cases, quite small artificial changes in the
simulated profile could give anet ion heat pinch. This pinch turned out to be dueto el ectromagnetic
effects. In general we can write the ion effective diffusivity in the form:
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This result has been obtained by expressing the ion density perturbation in that of free and TEs
using quasineutrality. Thus, A; isdueto the TE response. The new, electromagnetic part is Ay, Which
isthe effect of electromagnetic free electrons. It becomesimportant roughly when 3, = 52/(2q2) andis
then comparable with the electrostatic heat pinch. It has components driven by curvature alone as
well as a combination of ETG and curvature. Just as for the electrostatic ion heat pinch, the ETG
drives an electromagnetic heat pinch if the eigenmode propagates in the ion drift direction. From
(3) weimmediately observe asignificant pinch part, dueto el ectrostatic free el ectrons, which becomes
large in the hot ion regime. In the simple el ectrostatic case without trapping, there can be no pinch
because the ITG mode is stable in this regime. However, TE and KB modes (electromagnetic) can
be unstable in this regime and can thus give an ion heat pinch. For the hot ion H modesit isthe KB
modes that drive the pinch. Figure 4 shows a typical case where we get a pinch by reducing the
temperatureratio. In general we can get an electromagnetic ion heat pinch in two basic ways. First,
electromagnetic modes (KB modes) can drive an ion heat pinch through the main electrostatic
pinch flux in (3). Second, electrostatic modes can drive a heat pinch through em. In general, there
can also be combinations of these cases.



We also note the property mentioned above that there isamaximum of y; when T; isvaried. Thisis
because the high threshold reduces y; in the hot ion regime and the low ion temperature makes the
ion curvature drift small in the hot electron regime. The location of thismaximumishereat T/T; =
1.8. It can depend on several parameters, the most obvious of whichis g,

7. DISCUSSION

We have seen that transport in hot ion and hot electron regimes can be very different. Although the
hot electron regime is more ITER relevant, it isimportant to understand both the hot ion and hot
electron regimesand in particular why thetransport isdifferent. Aswe have seen, severa interesting
phenomenatake place in the hot ion regime. In particular, the system can be very sensitive to small
perturbations due to transport feedback |oops. Such feedback loops may also lead to the formation
of transport barriers. Electromagnetic effects have turned out to be important for the shots studied
here. They reducetransport and can even lead to an ion heat pinch. Also e ongation becomesimportant
in this case. The temperature ratios in the hot electron JET shots were similar to those obtained in
ITER simulations [9] using the same transport model. This gives some more confidence in the
ITER predictions which gave fusion Q = 9 for the reference design when the density profile was
frozen.
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Table 1: Summary of hot ion JET shots.

Pulse No: TJT, Ne Pi Pe T, Te
40365 0.58 3.59 6.79 1.69 13.6 7.93
42840 0.58 3.10 7.05 2.62 17.36 10.1
42847 0.63 3.15 7.24 2.81 154 9.72
42856 0.65 3.24 1.27 2.27 16.2 10.5
42870 0.55 3.13 6.60 2.26 14.3 7.89
43011 0.72 3.13 6.67 2.95 14.2 10.2
PulseNo: % PigtMW P %0l Peak Mainion %T
40365 2.9 104 0 144 DD 0
42840 2.8 9.7 26 157 DT 50
42847 2.2 10.0 14 1.30 DT 50
42856 2.6 9.6 14 142 DT 50
42870 2.2 8.9 18 144 DT 50
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