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Abstract. Ion and electron temperatures of up to 5 keV have been
obtained within 10 c¢cm of the last closed flux surface (LCFS) in hot-ion H-
modes with 18 MW of NBI heating. The ion temperature profiles appear to
have ‘pedestals’ which scale with power per particle, Tj(a) < P(a)/neg(0.9a)
(keV, MW/1019 m-3], in H-modes. In L-modes pedestal temperatures are an
order of magnitude lower. This difference can be explained by the one
order of magnitude difference in particle residence time in the two
confinement modes. In H-modes, the resulting pressure ‘pedestals’,
contribute typically 40%, and up to 5 MIJ, to the plasma stored energy,
explaining about half of the confinement improvement over L-mode
conditions. The remaining improvement occurs across the entire plasma,
but most notably in the periphery. There is ample evidence that ions with
energies in the keV range escape to and beyond the LCFS, and account for
most of the loss power in the ion channel. It includes results from energy
discriminating probes in the scrape-off layer and the analysis of the
characteristics of the heat strike zones in the X-point configuration. The
observed boundary ion temperatures have far reaching implications for
fusion reactivity, power handling, wall erosion and impurity production in
reactor conditions. They suggest that it is possible to bring the entire
volume of a reactor plasma to thermonuclear temperatures, with a

considerable boost to the overall thermonuclear reactivity.



I) Introduction

The primary goals of controlled nuclear fusion research include
the improvement of the energy confinement and the control of
boundary conditions. Conditions at the boundary determine
particle and impurity influxes and outfluxes, heat deposition and
edge radiation losses. They can also have a significant direct
influence on global energy confinement, as demonstrated by the
high confinement mode (H-mode), which brings an improvement
of typically a factor of 2 over 'mormal' L-mode confinement. Soon
after its discovery, the H-mode was associated with a narrow
transport barrier at the plasma edge, where steep density and
temperature gradients develop!-3. Early results from the ASDEX
tokamak showed H-mode profiles with T, increasing from about
20 eV to 500 eV within 2 cm of the separatrix, while over the
same distance the plasma density increased by an order of
magnitude2.

The results we present show that in JET H-modes ion
temperatures in the keV range are found to within only 4 to 10
centimetres inbound from the last closed flux surface (LCFS). Since
this is only a few poloidal ion Larmor radii, significant ion orbit
losses, with keV escape energies have to be expected. Evidence
that energetic ions escape into the scrape-off layer, and are
responsible for most of the heat flux in the ion channel, is
available at JET from a variety of measurements. They include
results from ion energy probes in the scrape-off layer and from
ion implantation profiles in nickel samples, and measurements of
the characteristics of heat strike zones on the X-point target
plates. Heat strike zones with a very high ratio of power to
particle flux, indicating particle energies of a few keV, have been
observed during H-modes in JET. Similar evidence, although with
lower ion temperatures (or energies), was obtained in limiter
plasmas from measurements using Langmuir probes in the
limiters. The calorimetrically measured heat flux to the limiters
could only be explained if ion temperatures at the LCFS were
assumed to be substantially higher than the local electron
temperature, and comparable to spectroscopically measured ion
temperatures in the vicinity of the LCFS 4.5. Evidence of ions with
energies well above the local electron temperature in the scrape-



off layer has been available for a long time from various probe
techniques6-16, However only recent spectroscopic measurements
inside the LCFS, have shown the boundary ion temperatures to be
sufficiently high to explain the probe results in terms of particles
escaping from the thermal population just inside the LCFS.

The observations also show that across the few outermost cm of
the cross-section, ions and electrons must behave very differently,
probably as a result of the large difference in poloidal Larmor
radius. Unlike the electrons, which clearly have scrape-off
temperatures of tens of eV, the ions appear to be unable to
establish a thermal gradient (at least in the strict sense of a local
temperature as a Maxwellian velocity distribution) across a
boundary layer of width comparable to their orbit width The
evidence suggests a picture of the scrape-off layer and transport
barrier region where energetic ions escaping from the main
plasma coexist, out of thermal equilibrium, with a probably
denser population of lower energy ions created by fuel ionisation,
recycling and sputtering.

The content of this contribution can be broadly outlined as
follows. In section II we present charge exchange spectroscopy
measurements showing that the ion temperature does not, within
an effective resolution of a few cm, decrease to zero as the LCFS is
approached. One consequence of existence of such a 'pedestal’ is
its considerable contribution to the stored energy, as shown for an
example of a hot-ion H-mode. In section III we show that pedestal
temperatures scale with power per particle, an observation which
can be understood from the relationship between particle and
energy losses at the boundary. Evidence for escaping particles,
from probe measurements in the scrape-off layer, and from the
behaviour of the heat strike zones at the X-point tiles, is
presented in section IV. Orbit losses are estimated and discussed
in section V, especially in relation with the observation of a
negative electric field in H-mode transport barrier region of
several tokamaks and recent H-mode theories. The pedestal
contribution to the stored energy is investigated in a confinement
study presented in section VI. In H-modes the pedestal
contributes typically 40% of the stored energy. The remaining
improvements occur across the cross-section, but most noticeably



in the periphery. Similarly, we show in section VII, that the
pedestal ion temperature and pressure make a considerable
contribution (40-70% in H-modes) to the overall fusion
performance, as measured by the volume average deuteron
pressure squared.

II) Charge exchange measurements of ion temperature
near the plasma boundary.

A remarkable feature of ion temperature profiles measured at JET
for a large variety of heating conditions and plasma
configurations is that they all exhibit a fairly monotonic gradient
over the last 40 or more cm of the minor radius, and then appear
to end abruptly with a marked 'pedestal’ near the last closed flux
surface (LCFS). Examples of such ion temperature profiles
measured using the active charge exchange spectroscopy (CXS)
diagnostic17.18 are shown in fig.1. They range from near ohmic
conditions to high performance H-mode discharges with 18 MW of
neutral beam heating and central ion temperatures in excess of
25 keV. The position of the LCFS was obtained from the
equilibrium reconstruction using magnetic measurements. In
some of the high performance discharges obtained in 1990 ion
temperatures of up to 11 keV were obtained within 21 cm of the
LCFS (fig.1a). Unfortunately measurements within 10 cm of the
LCFS were not available for these cases, due to an accidental
misalignement of the CXS viewing system, possibly as a result of a
heavy disruption. An example of a charge exchange spectrum of
CVI obtained from a viewing volume 21 cm from the LCFS is
shown in fig.2 and exhibits a clear Gaussian shape over three
thermal widths, corresponding to 11 keV.

In two of the examples of fig.1 the plasma was swept in major
radius, allowing the fixed viewing volumes of the CXS diagnostic
to provide a complete coverage of the minor radius. We used
these measurements in an attempt to obtain an estimate of the
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scale length of the very steep ion temperature gradients we
suspected to exist at the LCFS (fig.3). The viewing geometry for
the outermost viewing volume is shown in fig.3d. Although the
nominal resolution of the system was only 7 cm, the effective
resolution can be much less if there is only a small overlap with
the plasma. We see that, although the signal from the charge
exchange line drops to 5% of its maximum value as the overlap
reduces to zero, the inferred ion temperature is never seen to
drop to zero. The small signal which is still observed when the
active viewing volume is outside the LCFS is really picked up
inside the LCFS, along the line of sight, and corresponds to
emission from CVI in the edge plasma, excited by electron impact
or resulting from charge exchange reactions with background
neutrals19., From the temperatures obtained for this emission,
which are somewhat higher than the lowest values obtained when
the active CX signal dominates, we deduce that it originates from
about 10 cm inside the LCFS. It is also observed in purely ohmic
discharges, and in the case of fig.le, was characterised by a
temperature of 0.8 keV. Unfortunately the presence of this small
signal must be expected to mask the active CX signal from a
viewing volume smaller than about 4 cm in radial extent near the
LCFS as sketched in fig.3. The measurements do however show
that the ion temperature remains high to at least as close as 4 cm
from the LCFS. This is barely more than a thermal ion orbit width
at 3 keV. The toroidal rotation induced by the injection of
momentum by the heating beams is characterised by a similar
‘pedestal’, as shown on fig.3c.

The time evolution of the plasma parameters of an NBI heated
high performance double-null X-point discharge is shown in figs. 4
and 5. The discharge underwent a transition to the H-mode at
t=10.25 s, and attained a central fusion triple product np(0)T;(0)t g
of 9-1020keVm-3 s before the plasma was swamped by a sudden
massive influx of carbon impurities at t=11 s (fig.4). Like most H-
modes in JET, this discharge was characterised by a flat density
profile with a sharp gradient within the last 5 cm of the LCFS20,
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¢) Evaluation of pedestal contribution to the total stored energy. Wpeq is as
defined in eq.(1). Wgy is the total volume integrated ion and electron thermal
energy. lon density was evaluated from electron density measured by FIR
interferometer and CXS measurement of carbon impurity density. At 109 s
total thermal ion energy was 6.5 MJ, total electron energy was 5 M)
Wbulk=Wh-Wped. Wp is the plasma stored energy from equilibrium
reconstruction. The difference between Wp and Wyp is due to unthermalised
beam ions (~1.9 MJ at 10 s, ~ 1MJ at 10.9 s).



During the H-mode ion and electron temperatures measured near
the edge at a major radius of 3.95 m increase from about 1 keV to
5 keV (fig.5 a&b). We can define pedestal temperatures by
extrapolating from the two outermost available measurements to
the LCFS, as illustrated in fig.6. They are shown as broken lines in
fig.5, and range from below 1 keV in the L-mode to about 4 keV
in this example. These values should not be taken as the true
temperatures at the LCFS, which remain below our resolution.

LCFS

\ “re—'pedestal’

T; (a.u.)
v

1
08 0.9 rpla 1
r/a

Fig.6 Shematic of ion temperature profile near the plasma edge. Crosses
indicate typical CXS viewing positions. The steep gradient region for r>rp,
which is known to exist for electron density and temperature, is beyond the
present resolution capabilities of the CXS diagnostic. The ‘pedestal’
temperature, as used in this paper, is defined by extrapolating the two
outermost measurements to the LCFS, providing a lower bound
approximation for Tij(rp).

We have conducted a number of checks to verify the consistency

of ion temperature data from CXS with other measurements on
JET. The volume integrated ion and electron thermal energies,
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which depend sensitively on the edge parameters, were found to
be in excellent agreement with the global plasma energy from the
equilibrium reconstruction, or measured with a diamagnetic loop.
The temperatures at the LCFS were taken to be equal to the above
defined pedestals. The volume integrated ion-electron
equipartition power was found to be in the range 2-6 MW for hot
ion H-modes. Although large in some cases, this power is
sustainable by the ions, given the available input power. It is
however clear that the high boundary ion temperatures in the H-
mode are only possible because electron temperatures are high
enough throughout the discharge to allow the ions to decouple.

The abrupt steepening of the temperature and density gradients
near the LCFS20 indicates the existence of an edge transport
barrier with vastly enhanced particle and energy confinement. It
is instructive to define the contribution of the resulting pressure
pedestal to the global energy confinement. We can define its
contribution to the plasma stored energy as

W ped = 3/2 [V(rp)p(rp) + | p(n)dVl, (1)

r>rp

where rpis the minor radius beyond which the gradients steepen
(fig.6), a the radius of the LCFS, V(rp)is the volume enclosed by
the flux surface at rp, and p(r) = nj(r)kTi(r)+ne(r)kTe(r), Wpeq is
the plasma energy that would result if there was no confinement
inside I=rp. Due to the limited diagnostics resolution, the exact
value of rp is poorly known. However since rp 2 0.95a, we obtain
a good approximation to the above expression by neglecting the
second term on the RHS and using the pedestal values as defined
above instead of those at rp, together with the total plasma
volume. For most of the data presented the pedestal density was
taken from the Abel inverted far infrared interferometer data at
r=0.9a. In the example shown in fig.5c, the stored energy
associated with the pedestals rises to nearly 5 MJ in the course of
the H-mode, when it contributes up to 40% to the total stored
energy. The present results confirm the conclusions of an earlier
study21.22, which was based on electron density and temperature
measurements only, and assumed Tj=T,,
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The existence of an effective transport barrier in the H-mode
leads to considerably broadened temperature and density profiles,
as compared to their L-mode counterparts. This is illustrated in
fig.7, where we compare H- and L mode profiles with the same
central ion temperature. Each of the examples shown is one of the
best performing (in terms of neutron production) in its mode of
confinement. In the inner-wall limited L-mode case, despite the
low edge density, the low edge electron temperature leads to a
clamping of the ion temperature at the edge to about 1 keV. In
the H-mode case the electron temperature 10 cm inside the LCFS
is already 4.5 keV, which is sufficient to decouple the ions
throughout the plasma volume.
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Fig.7 Comparison of temperature and density profiles in a hot ion limiter

discharge and a hot ion H-mode discharge.
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III) Scaling of boundary ion temperatures

The most important parameter in determining the boundary ion
temperatures is found to be the power available per particle at
the edge. Fig. 8 shows the edge ion temperature pedestals as
defined in the previous section, as a function of
P(a) = Pjp-dWp/dt-Praq in X-point discharges. To obtain a good
estimate of the pedestal temperatures we only used data with
profile measurements to within about 10 cm of the LCFS. In the
best H-modes T; pedestals scale like Ti(rp) < 1.3 P(a)/ne(0.9a)
[keV, MW, 1019m-3], up to 4 keV. In L-modes boundary ion
temperatures scale weakly with P(a)/ne(0.9a) at low power per
particle, and remain below 1.5 keV.
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I Early H-mode
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Fig.8 Boundary ion temperature scaling in the X-point configuration.
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Discharges with pedestals larger than 3 keV resulted in the
highest central fusion products (npT;j(0)tg up to 1021keVm-3s), the
highest neutron rates (up to 3.8-1016s-1) and the highest D-D
fusion yields (up to 2.5-10-3) obtained in JET up to date23. With
edge ion collisionalities v*;; = e-1-5Rgq,v;;/v;j of order 10-1, these
plasmas are collisionless throughout the discharge. (e is the
inverse aspect ratio, Rqg the major radius, qa the cylindrical safety
factor, vij and v;j the ion collision frequency and thermal velocity

for Ti(rp)).

The lowest edge ion temperature pedestals ( ~0.7 keV) in the H-
mode were obtained with 8§ MW of NBI and heavy gas puffing,
raising the edge density neg(0.9a) to up to 9-1019m-3. These
plasmas have collisional boundaries, v*;; ~10. Pedestals of a few
hundred eV even exist in ohmic conditions. This is inferred from
CXS measurements obtained within 50 ms of the beginning of NB
heating, before the ion temperature profiles have changed
appreciably.

Since the pedestals observed evolve during an H-mode we have
attempted to distinguish between early H-modes (characterised
by a high dWp/dt), quiescent and elmy phases, shown with
different symbols in fig.8. No attempt has been made to
investigate the effects of different types of ELM's. Interestingly
most elmy discharges have edge ion temperatures comparable to
their elm-free counterparts.

In limiter discharges a very consistent scaling, with
Ti(a) = 0.13 P(a)/ne(a) [keV, MW, 1019m-3], up to about 1 keV, is
observed (fig.9). There was no measurable difference when the
plasma was limited on the graphite inner wall, on graphite
limiters or on beryllium belt limiters. In the former two cases the
CXS measurements were obtained from a CVI line at 529 nm,
whereas in the latter they were based on a BelV line at 468 nm.
As in the X-point case, measurements obtained within the first 50
ms after the beginning of NBI show that pedestals also exist in
ohmic plasmas. Corroborating evidence has been obtained in
limiter discharges from passive spectroscopy and from Langmuir
probe and calorimetric measurements.

14
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The earliest evidence in JET of energetic ions at the LCFS, has
come from measurements of particle flux density and electron
temperature using fixed Langmuir probes in the beryllium belt
limiters in conjunction with calorimetric measurements of the
power to the edge by thermocouples built into the limiters4. It
was found that the power to the edge inferred from the probe
measurements could not account for the power to the limiters if
Ti=T, was assumed. An ion temperature substantially higher than
the electron temperature had to be postulated in order to obtain
agreement. The ion temperatures so inferred are shown in fig.9 as
diamonds. In ohmic discharges at low density (<ne> < 1019m-3), Te
~ 50 eV, and the difference is up to an order of magnitude. The
difference then reduces with increasing density, to a factor of 2
for <ne> = 4-1019m-3. The inferred boundary ion temperatures
scale roughly inversely with density in ohmic discharges.
Although subject to uncertainties in the sheath transmission factor
for beryllium and the calorimetric measurements, they are in
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good agreement with the ion temperature pedestals from CXS
extrapolations obtained for the same values of power per particle.
This behaviour is also seen in recent results from retarding field
analyser measurements in the scrape-off layer of DITE, which also
show Tjto scale inversely with density at constant ohmic input
powerl5,16 In these measurements the local ion temperature
measured 2 cm outside the LCFS exceeded the local electron
temperature by a factor of 6 at a line average density of
1-1019m-3,

Further evidence is also obtained from passive spectrocopy.
Measurements of the Doppler width of a BelV line using the CXS
equipment in ohmic plasmas were obtained for the same
discharges as the above probe data and are in good agreement.
This is not surprising, since the emission maximum of the line is
expected to be several cm inside the LCFS, which is still close
enough to provide a good estimate of the pedestal temperature.
(The radii of line emission shells depend on ion species and charge
states, and electron temperature and density profiles). Dy spectra
consist of a 'cold’ and a 'warm' component with temperatures of
typically 10 and > 70 eV respectively. The warmer component also
agrees with previously presented evidence, as seen in fig.9.

Figs 10 and 11 show that the scaling of Tj(a) with power per
particle is not merely circumstantial. The measured edge ion
temperatures from probes and boundary spectroscopy are plotted
versus P(a)/ne(a), with ne(a) obtained locally from the same
measurements. In the case of the probe measurements (fig.10) the
edge density was obtained from the ion saturation current. The
scaling with power per particle, Tj(a) = 1.2-P(a)/ne(a) [eV, MW,
1019m-3], is observed over a wide range of densities and is clearer
than in fig.9, where a nominal boundary density, taken somewhat
arbitrarily at r=0.9a, was used. This is most probably because the
densities at the LCFS and in the bulk plasma are not proportional
to each other over the entire operating domain. The densities
measured at the LCFS by Langmuir probes are about a factor of 40
lower than volume average bulk plasma densities in most
conditions, except at high densities, near the density limit, when a
small increase in <n¢> results in a large increase in ne(a)4.
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In fig.11, showing an example where the density was raised by
the injection of a deuterium pellet and then allowed to relax to a
low density at roughly constant power to the edge, the boundary
density was inferred from D,/Dgy line ratio measurements. This
line ratio is a balance of collisional excitation and radiative decay,
and constitutes a sensitive measurement of the electron density at
the position of emissionS. Within errors of the measurement the
densities inferred from the 'cold' and the 'warm' components were
the same, confirming that the 'warm' component is characteristic
of an ion population in the boundary plasma. The origin of the
'warm' D emission from the immediate vicinity of the LCFS is also
confirmed by the agreement, within a factor of less than two, of
the scaling of Tj(a) obtained by the two methods.

The scaling of the boundary ion temperature can be understood
from the relationship between particle and heat transport through
the boundary. The average kinetic energy loss from the plasma
ion population due to an escaping ion is

Ep =& ()

Dout

where Pj is the power in the ion channel, and ® gy is the total flux
of escaping ions. The observed scalings with local power/particle
at the boundary (figs. 10 & 11) suggests that the local densities
and fluxes are proportional. Using the global particle balance
dNij/dt = ®oyy + ®in, where @i, is the plasma fuelling rate
(including recycling), e€q.(2) can be written as

- _ —Pi(a) _ L)
E>= N - Bip N )

Inward (outward) fluxes are defined to have a positive (negative)
sign. The second equality results from the definition
1i = Ni/(®in-dNi/dt) for the global particle replacement time.
From eq.(3), with Nj=<n;> V, where V =110 m3 is the JET plasma

volume, we expect the scaling

Pi(a) [MW]
<nj> [1019m-3]

<Ei>=51 [keV] . 4)
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Direct comparison of experimental observations with eq.(4) is not
yet possible because particle replacement times are poorly known.
Experimental confinement times obtained from heavy impurity
injection experiments in JET L-mode discharges suggest residence
times of 0.2 s for particles in the plasma core24. In the H-mode
particle residence times of 3 seconds or more have been observed,
explaining the order-of-magnitude difference in boundary ion
temperatures in the two modes of confinement. The particle
replacement time is determined mainly by the ionisation mean
free path of neutrals entering the plasma25, and should not be
confused with the residence time of particles in the plasma core.
The discharges investigated were fuelled by a mixture of beam
fuelling and edge fuelling, and the central residence time t¢ of 0.2
s in the L-mode must be taken as an upper bound for «;.

If we assume that half of the power to the edge flows in the ion
channel, comparison with the observed scalings suggests
<Ei> = 61j/1cTi(rp) in the H-mode (where <nj> = n¢(0.9a)) and
typically <Ej> = 31j/1cTi(rp), for L-modes (where typically
<nj> = 1.5 x ne(0.9a)). The higher ratio of <Ei>/Tj(rp) in the H-
mode may be due to the contribution of a negative electrostatic
trap of potential -¢ set up by non ambipolar ion losses. This case,
in which the energy loss per escaping ion is increased by e¢, will
be discussed later.

Our interpretation, expressed in eq.(3), that the boundary ion
temperatures are established by the power in the ion channel, is
further reinforced by the observation that boundary ion
temperatures are proportional to the ion temperature gradients
measured 10-20 cm inside the LCFS. In H-modes
Ti(rp) = 0.5 [m]-<dTj/dr>, and in limiter plasmas
Ti(rp) = 0.15 [m]-<dTi/dr>, where the brackets denote flux
surface averages (fig.12). Such a relationship is to be expected if
we balance Pj(a) from eq.(3) with the diffusive ion heat flux in the
bulk plasma just inside the density gradient zone,
Pi(rp) = nj(rp) X; VTi(rp) S, with the (weak) assumption 1;x; =
const, or Dje X;, where Xjand Djare the ion heat and particle
diffusivities, and S the plasma surface area. We can also balance
the diffusive heat flux with the power to the boundary from the
observed scaling, and use the observed relationship between T;
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and VT; to obtain a typical L-mode estimate for X;(0.85a) = 3 to 6
m2/s, decreasing by a factor of 2 to typically = 1.5 to 3 m2/s

during the H-mode. (The range indicates the uncertainty in the
ratio Pj(a)/P(a)).
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Fig.12 Pedestal ion temperature versus ion temperature gradient (flux

surface averaged) at r/a=0.85 (3 and 4 MA plasmas).
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IV) Escape of energetic particles

In many of the CXS measurements on JET, (e.g. as shown in fig.1)
edge ion temperatures are such that the LCFS is within less than
two poloidal Larmor radii from the observation volume. In such
conditions one expects a large number of particles with the
required pitch and energy to have orbits intersecting the LCFS.
Such particles can be lost to limiters and other obstacles outside
the LCFS. Similarly, in the X-point configuration, energetic ions are
most easily lost in the vicinity of the poloidal null, where they
experience the largest drift away from their 'nominal' flux
surfaces. The probe measurements presented in the previous
section already indicate that energetic ions reach the LCFS. High
ion energies, even outside the LCFS, have however been measured
in the plasma boundaries of tokamaks over a period of many
years, using a variety of techniques6-16, Most of the early results
remained unexplained because ion temperature profiles inside the
LCFS were unavailable. In JET the escape of energetic particles
beyond the LCFS has been confirmed by ion implantation
measurements in nickel samples, by results from probes
discriminating ions on the basis of their Larmor radius, and from
the behaviour of the heat strike zones in the X-point
configuration.

Collector probes have been exposed for one or more discharges to
measure escaping fast helium ions created by ICRH and in fusion
reactions in future D-T experiments. Even in the absence of ICRH
they show a distinct peak at a depth corresponding to energies of
a few keV. Fig.13 shows a 4He concentration profile obtained
during a single hot ion H-mode discharge, which reached an edge
ion and electron temperature pedestals near 2 keV, as determined
from passive spectroscopy of a CVI line and ECE. The helium was a
residual from a previous conditioning discharge. The typical
impact energy suggested by the position of the maximum
concentration is 4 keV. This is somewhat higher than the pedestal
temperature, as one would expect, since the most energetic ions
are the most likely to reach the probe 5 cm away from the LCFS.
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Fig.13 Concentration profile of implanted 4He in a Ni sample analysed using
Secondary Neutral Mass Spectroscopy. The sample was exposed to a hot ion
H-mode with a boundary ion and electron temperatures of 2 keV. The

maximum corresponds to a 'projected range' of ~4 keV. Discharge no
18757 27,28,

Similar evidence for carbon and beryllium impurities is obtained
from a probe technique capable of discriminating ions on the basis
of their Larmor radius26.27, The probe consists of a series of
collectors mounted in the bottom of slots oriented at different
angles to the magnetic field, fig.14. The design of the probe is such
that ions can only reach two of the collectors (numbers O and 4)
directly along the magnetic field. However ions with sufficiently
large Larmor radii can reach the remaining collectors. The ratio of
the fluxes to the different collectors can be calculated for a specific
geometry and charge to mass ratio as a function of ion energy.
Results of such a calculation, for A/Zij=3 (e.g. Be*3), using a Monte
Carlo technique27, are shown in fig.15. It is observed that as the
ion energy increases fewer ions arrive at collectors 0 and 4 and
more come to the collectors at larger angles to the field. The
calculations assumed an isotropic Maxwellian energy distribution.
An empirical density gradient with an e-folding length A,=1.9 cm,
in agreement with Langmuir probe measurements of the electron
density in the scrape-off layer, was also assumed. The Ilatter
introduces an up/down asymetry due to the combination of helical
path and the radial density gradient. For the density e-folding
lengths characteristic of JET plasmas, the asymetry between slots
+1 and -1 becomes apparent at energies beyond about 3 keV. At 2
keV the flux ratio in slots 0 and 1 is a factor of 4.
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(a)

(b)

os]}

Fig.14 Design of fast ion probe discriminating energies on the basis of
Larmor radius. a) Axial section (length 10 cm). b) Cross-section. There are
five removable 1x 0.5 cm wide nickel or carbon collectors in each slot. Slot
0 collects low energy particles, while high energy particles can reach

'hidden’ slots.
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Fig.15 Relative particle flux into the different slots of the fast ion probe as a
function of energy. An isotropic Maxwellian ion distribution with A/Z;=3

(e.g. Bc+3) was assumed. (For other species or ionisation stages the
horizontal axis is to be rescaled by a factor (3-Zj/A)1/2.)
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The probe was exposed to three similar X-point discharges with
13 MW of NB and RF heating, which underwent a transition to the
H-mode for about 1 s. The distance from the probe tip to the LCFS
varied between 4 and 6 cm during the discharges. The beryllium
and carbon surface concentrations were subsequently analysed by
the Nuclear Reaction Analysis technique using the respective (d,p)
reactions with a 0.9 MeV deuterium beam. The results of the Be
analysis are shown in fig.16. The concentration ratio of slot 0 to
slot 1 varies between 4 and 6 as a function of distance from the
probe tip. There also is also a clear up/down assymetry. The
observed ratios in slots 0 and 1 are not entirely consistent with
the observed up/down asymetry if a simple Maxwellian
distribution is assumed as in fig.15. This may indicate that the
radial e-folding length for energetic ions is different from the
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Fig.16 Surface density of Be deposited onto the fast ion probe. The probe was
exposed to three X-point discharges with H-mode phases. Probe tip was ~4
cm outside LCFS. The top/bottom assymetry and ratio between slot 0 and

hidden slots suggest ion energies between 1 and 10 keV.
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one of the background electrons. It should also be noted that edge
temperatures vary widely during additional heating, (as seen e.g.
in fig.6), and hence the probe results are a superposition ranging
from ohmic to H-mode conditions. The ohmic phase is likely to
predominately lead to deposition into slot 0, whereas slots 1 and
-1 may get most of their impurity deposition only during the
much shorter additionally heated phases. In addition it is doubtful
whether even the instantaneous ion energy distribution in the
scrape-off layer is Maxwellian. These results do however show
that ions with energies in the range 1 to 10 keV are present in the
boundary plasma beyond the LCEFS.

A similar deposition pattern is observed for carbon. The
possibility of migration by successive resputtering events (or
reevaporation for beryllium) has been suggested as an alternative
mechanism for impurities to be deposited into the hidden slots.
This however would result in the deposition of low energy ions,
and could not lead to the large penetration depths observed in Ni
samples, as presented above.

Power deposition and particle fluxes at 3 of the 32 bands of X-
point target tiles are monitored using CCD cameras equipped with
interchangeable narrow-band wavelength filters. For the
observations presented here of the upper X-point tiles, which are
made of graphite, these correspond to the Dg line and to low
ionisation stages of carbon (CI, CII, CIII). The target tiles are
curved in the toroidal direction, allowing us to discriminate
between particles incident from the electron and ion drift side. In
ohmic plasmas two strike zones are observed, situated on either
side of the apex of the tiles, as shown by the shaded areas in
fig.17. Line emission from carbon impurities produced at the tile
surface extends along the field lines, with the highest ionisation
stages showing the largest extent. Emission from neutral carbon is
confined to the immediate vicinity of the strike zones, CII and CIII
line emission is seen as far as 20 and 35 c¢cm away from them.
During auxiliary heating an additional, narrow strike zone nearer
to the X-point is observed on the ion drift side of the target plate.
It is shown as a black dot in fig.17. The phenomenon had initially
been attributed to operation with the X-point outside the free
aperture of the vessel28, as delimited by the apex of the tiles, but
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has since been observed with the X-point both inside and outside
the vessel free aperture. Fig.18 shows three profiles of surface
emissivity at a wavelength of 514 nm, corresponding to a CII line.
These profiles were made on the ion drift side along the line AA’
at three different times during an additionally heated X-point
discharge, which underwent a transition into the H-mode 0.4 s
after application of NBI.

The emission from this new strike zone (dubbed 'third strike
zone') is primarily thermal, and, unlike the emission from the
neighbouring zone (hereafter named first strike zone), increases
continuously during the heating phase, and decays slowly
thereafter. This emission is detected in all wavelength bands,
including at 1 um, where there are no carbon lines. It is localised
to the strike area, and, for modest surface temperatures, no
emission is seen along the field lines. The temperatures evaluated
from the surface emissivity of the third strike zone can reach
2400 °C, close to the sublimation temperature of carbon30., When
the tiles reach such temperatures, typically after 1-2 s of high
power additional heating, massive influxes of carbon (fig.5c) are
the consequence.

The power to the third strike zone is at least one order of
magnitude larger than the power to the first zone on the ion drift
side during the H-mode. The measured power densities are of the
order of 5 kW/cm2 or about 100 kW for the entire strike zone.
Remarkably the localisation of the emission on the target plate
shows that, at least as long as the surface temperature remains
well below 2400 °C, impurity production at the third strike zone is
insignificant. Hence while the third strike zone receives most of
the power, it can only get a small fraction of the particle flux to
the tile. This observation imposes severe constraints on the range
of energies of the incident particles. One can easily verify, that
since the particle flux onto the the third strike zone is an order of
magnitude (or more) lower than the particle flux on the first
strike zone, and at the same time there is an inverse relationship
between the heat fluxes, then the average incident ion energy
onto the third strike zone must be two (or more) orders of
magnitude larger, and the density of incident particles two orders
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Figl7 Schematic of a band of X-point target tiles. The shaded areas
correspond to the strike zones as seen with ohmic heating alone (zones 1
and 2, for ion and electron drift side, as referred to in the main text).
During auxiliary heating an additional separate third strike zone (black
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Fig.18 Intensity profiles at a wavelength of 514 nm of target tiles along the
line AA' in fig.18 at different times.
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of magnitude (or more) lower than on the first strike zone. The
electron density and temperature measured by Langmuir probes
near strike zone 1, on the apex of the tiles, were about 4-1019 m-3
and 40 eV respectively in the example of fig.18. In these
conditions the ion-electron collisionality is very high and it is
reasonable to assume T;=T. at the first strike zone. We conclude
that average energy of the particles incident on the third strike
zone must be several keV, while their density is probably in the
range 1017 to 1018 m-3, This estimate is consistent with the
measured heat flux. At an incident energy of 4 keV, a density of
~2:1017m-3 is required to explain the observed heat load of up to
5 kW/cm2, corresponding to an ion current density of ~2 A/cm2
collected by the plate.

Orbit calculations for ions launched inside the LCFS show that on
the ion drift side, near the poloidal null, ions are to a large degree
separated according to their energies, with the orbits of the
highest energy ions coming closest to the X-point3l, The
separation between the zones depends also on the vertical
position of the X-point, and is largest when the X-point is near the
apex of the tiles, as is the case in many of the X-point
configurations produced in JET. The separations observed are
consistent with ion energies in the keV range, as also suggested by
edge ion temperature measurements by CXS. The same
calculations show that the separation is reduced on the electron
drift side, low and high energy particles striking roughly the same
area. This is also confirmed by the absence of a separate
additional strike zone on the electron side, although the power
loads are comparable to those on the ion side. If the observed tile
bands are representative of the 32 in place, power losses in the
form of energetic particles can easily account for most of the ion
loss power in additionally heated discharges. In-vessel inspection
of the tiles revealed significant erosion damage on the ion drift
side of 9 of the 32 tile bands, and on the electron drift side of 29
of the bands. This may however not be a true reflection of the
power ratio to the two sides. Enhanced erosion can be expected on
the electron drift side because of the spatial overlap of high
power/low flux and low power/high flux strike zones. The
resulting combination of high surface temperature and high
particle flux will lead to larger erosion by Radiation Enhanced
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Sublimation (RES)32 than at any of the two zones on the ion drift
side, even if the total heat and particle fluxes are equal.

V) Ion orbit losses.

Ion orbit losses can be very important, as shown in the previous
section, and play a key role in H-mode theories33-36, The existence
of wide ion orbits, intersecting material surfaces outside the LCFS,
leads to the formation of a loss region in velocity space. The loss
region is typically near the passing-trapped boundary, where
orbits are widest, and is characterised by a threshold energy
depending on the position in the plasma and the local plasma
potential. In the collisionless case, which is applicable to most
additionally heated JET plasmas, orbit losses are determined by
the rate at which ions are scattered into the loss region. The
corresponding loss rate and power density can be written as

dnj(p)/dt = y(r)vii(r)nj(r), (5)
pi(D) = Y(Dvii(r)ni(r)<Ei(D)>, (6)

where vij= 810°13Z;4u-1/2n;T;"3/? is the ion-ion collision
frequency, p=mij/mp, v is the fraction of collisions leading to an ion
loss, and <E;j(r)> the average energy lost when an ion is scattered
into the loss region. An exact calculation of (5) would require the
formidable task of mapping out the loss region for every point in
the discharge. A rough approximation can however be obtained if
we note that within a thermal banana width of the LCFS, a
collision is likely to lead to the loss of one of the colliding particles,
unless it is confined by a potential. We can hence estimate the
total losses by multiplying eqs.(5) and (6) by the affected volume,
Vioss = 2peiS, where ppi= 1.02:10-4+ pTi[eV]/ZiBgis the ion
poloidal Larmor radius, and S the plasma surface. In the limiter
configuration Bgis well defined in terms of the plasma current
alone. In the X-point configuration however a clearly larger
volume can be affected by the local poloidal null, leading to
increased orbit losses.

Using typical JET parameters, Bg=0.6 T, S =150 m2, we obtain for a
pure deuterium plasma:
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dNi/dt = 4-1024 <y> (ni/1019)2 Ti(rp)! (7
Pi[W] = 6-105<y>(ni/1019)2<E;>/Ti(rp). (8)

In the absence of a confining potential we can take <y> = 1 and
<E;>/Ti(rp) = 3/2. When the ions escape an electrostatic trap, the
average loss fraction <y> is reduced by the Boltzmann factor
exp(-e¢(rp)/Ti(rp)). For e¢ > Tj, we can take
<Ei> =z e¢ + Ti(1 + Tj/2e¢), to first order in Tj/e¢. This result has
been derived for electrons escaping an electrostatic trap in mirror
configurations, and predicts that the average energy of a particle
is of order Tjand depends only weakly on ¢37. In the absence of a
confining potential the orbit loss power can easily exceed the
available power in the H-mode, where the density reaches its bulk
values within the loss volume. Since the loss power appears to
depend only weakly on e¢ for e¢(rp) < Tj(rp), we have to postulate
that e¢(rp) > Ti(rp) in the H-mode. An estimate with typical H-
mode parameters yields e¢/T; = 2, depending logarithmically on n;
and P;. A somewhat larger value results when ion losses are
enhanced by impurities, or if the above expression for the loss
volume is an underestimate in the X-point configuration. We can
also get an estimate of the depth of the electrostatic trap if we
interpret the steep edge density profiles in the H-mode as due to
a Boltzmann distribution of the ions38: e¢/Ti(rp) = In[nj(rp)/ni(a)]
=~ 3, where rpis the radius beyond which the gradient steepens.
(This is essentially equivalént to the radial force balance in the
frame of the ion fluid, integrated between rp and a, and assuming
VTi/Tij « Vni/nj.) These values also help explaining the gap
between <E;> and Tj(rp) inferred from the power and particle
balance in the H-mode, eqs.(2)-(4).

These estimates can be compared to measurements of the edge
electric field and ion temperature obtained in machines equipped
with high resolution spectroscopic diagnostics39-43, The electric
field was obtained from the radial force balance balance equation
using the measured poloidal rotation velocity and ion pressure.
The magnitudes reported are in the range 10-40 kV/m in the
vicinity of the LCFS. Preliminary measurements on JET, based on a
BelV transition, have indicated an electric field decreasing by 25
kV/m at the L to H transition, and localised within 10 cm inboard
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of the LCFS44, Published H-mode results from the DIII-D tokamak
show within 2 cm of the LCFS eE; = 4 dT;/dr 39, or eE; = dT;/dr
40,41 measurements on JFT-2M42 yielded e€E; = 2 dTj/dr within 2
cm inside the LCFS, while ASDEX results43 suggest eE; = 3 dTj/dr
about 4 cm inside the LCFS. These results also suggest, that over
the width of the transport barrier, a potential equal to 1 to 4
times the ion temperature pedestal is created. The wide range
may reflect differences in the poloidal rotation velocities of the
impurities measured. It is presently not clear how these results,
obtained with collisional boundary plasmas (v*j; 2 10), can be
extrapolated to the low collisionality edge conditions (v*j; < 1) of
JET hot ion H-modes. At low collisionality, ion temperature
gradients across the transport barrier, as seen in refs 40-42, as
indeed the notion of a local ion temperature defined by a
Maxwellian distribution function, may cease to have a meaning.
These issues will be addressed by planned high resolution
spectroscopic measurements of the JET boundary plasma.

The ion loss current corresponding to the above estimate
Ji [A] = 6:105<y>(ni(rp)/1019)2/T;, can easily exceed 1 kA for
<y>=1, and compares well with the experimental observations
for the third strike zone in the previous section. Such currents, if
net, could establish potentials of tens of keV across the loss
volume in less than one ms. This may explain the rapid
restoration of the transport barrier after ELM's, as apparent from
the extremely fast (milliseconds) recovery of edge ion
temperatures observed in DIII-D41. The ion currents must be
balanced by electron currents, and possibly by inward transport
of low energy ions from external fuelling or sputtering. Electrons
(and low energy ions) can of course not follow the ion loss orbits
and must be transported by diffusive processes. (In principle, if
reliable transport coefficients in the boundary plasma were
available, E;and e¢(rp)/Ti(rp) could be calculated by balancing
these currents.) A sudden reduction of radial electron transport,
as appears to happen at the transition to the H-mode, and
resulting imbalance of electron and ion currents through the LCFS,
would then lead to a rapid deepening (or formation) of the
electrostatic trap, followed by the well known H-mode behaviour
with increasing density and temperature. The radial electric field
may also explain the strong inward convection of impurities in the
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vicinity of the separatrix24. Recent H-mode theories34-36 explain
the reduction of electron transport by a reduction in the
fluctuation level within ~2pg caused by the sheared poloidal
rotation resulting from the electric field set up e.g. by initial ion
losses in the L-mode. The suddeness of the transition is described
as a bifurcation process by Shaing et al35.36, The corresponding
poloidal rotation has been observed with high resolution
spectroscopy in the above mentioned experiments39-44. A sudden
reduction in edge turbulence level at the transition into the H-
mode has also been observed in several machines40,41,45,
including JET46.

The observed behaviour suggests a picture of the H-mode
transport barrier caused by a strong reduction in electron
transport, but where ion confinement is largely electrostatic. Since
orbit losses dominate the outer ~2pg, within the LCFS anyway, an
improvement of ion diffusivity is not required. An improvement
of the magnitude experienced by the electrons is also not likely,
since ion orbit widths are comparable to, or wider than, the radial
turbulent scale sizes.

Since the observed ion losses can easily set up the edge electric
fields established at the L to H-mode transition, the present
observations on JET confirm the role of ion orbit losses as a key
element in understanding H-mode behaviour. In addition they
show that the reduction of electron transport is not sufficient, a
reduction of ion losses by the effect of the electric field accross the
transport barrier is also required.
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VI) Pedestal contribution to global confinement.

The presence of temperature and density pedestals leads to
considerable contributions to the stored energies in H-modes as
pointed out earlier21.22, The pedestal energy was shown to
increase roughly linearly with loss power, with a corresponding
confinement time tped= 0.4 s in 3 MA discharges. Since ion
temperature profiles were not regularly available, the authors
assumed equal ion and electron temperature pedestals. For the
densities in their study this assumption was adequate. Thomsen et
al20 defined Wpeq essentially as 3/2 k(Te(rp)+Ti(rp))(ne+n;)dV.
This definition follows naturally from heat transport
considerations, if independent heat and particle transport is
assumed, but has the disadvantage that the pedestal energy so
defined is dependent on the overall density profiles. There are
also indications that the edge pressure gradient in H-modes is
limited not by transport, but by MHD stability45.47. We therefore
prefer to adopt the generally more conservative definition of
eq.(1), in terms of edge parameters only. In practice the definition
adopted makes however little difference. The large majority of H-
modes in JET, including the ones studied by Thomsen et al, have
flat density profiles, and hence the volume average density is
equal to the density just inside rp. Differences of the order 20 to
40% arise in discharges with peaked density profiles, as shown in
fig.7. They include our H-modes with the highest edge ion
temperatures, and beam fuelled low-density L-mode discharges.
(Larger differences between the two definitions would result for
the strongly peaked density profiles produced by the injection of
frozen deuterium pellets. Such discharges are not included in this
study). A small number of H-modes in the present study had
hollow density profiles produced by a strong gas puff. In these
cases the definition adopted yields a pedestal energy about 20%
higher than would the one used in refs 21 and 22.

Fig.19a shows the plasma energy as a function of loss power,
Pip-dW/dt for a variety of discharge conditions in JET at a plasma
current of 3 MA. They include H-modes with average electron
densities in the range 2 - 7-1019 m-3, central electron
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contributions in 3 MA discharges. Dashed line represents Goldston scaling.

a) Plasma energy from reconstruction of MHD equilibrium.

b) Thermal plasma energy from temperature and density measurements.
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c) Pedestal contribution to stored energy.

d) Bulk thermal stored energy.
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temperatures in the range 3.5 - 11 keV, central ion temperatures
in the range 3 to 27 keV, and ion temperature pedestals up to 4
keV. The largest stored energies were obtained in hot ion H-
modes. The limiter and X-point L-mode data contain densities in
the range 1 - 5-1019 m-3, central electron temperatures in the
range 3 to 9 keV, and central ion temperatures in the range 2.5 to
23 keV. The H-modes were predominantly beam heated. In some
of the limiter plasmas a substantial fraction (up to 50%) of the
input power was from ICRH. The discharges in this study were
selected for the availability and quality of ion and electron
temperature and density profile data close enough to the LCFS and
may not reflect the best confinement obtained in any mode of
operation.

In fig.19b we show the thermal plasma energy obtained from the
volume integral of the ion and electron thermal energy densities.
The ion density was inferred from the electron density and the
impurity density. Impurity densities from CXS were used when
available, otherwise they were obtained from visible
Bremsstrahlung. Most of the electron temperature and density
profiles were obtained from ECE and FIR interferometry. LIDAR
Thomson scattering data were used when available. Thermal
energies are lower than the corresponding total plasma energies,
because of the presence of fast ions from NBI and ICRH. The
thermal energy is decomposed into a contribution from the
pedestal, Wp, and the bulk, Wp=Wp-Wpeq, figs. 19 ¢ & d. In H-
modes at 3 MA ion pedestal energies of up to 3 MJ and electron
pedestals of up to 2 MJ are obtained for Pj,-dW/dt = 10 MW.
These results confirm those in refs 21 and 22, and extend them to
a wider range of conditions. (The larger scatter is due to the
presence of data from all phases of the development of the H-
mode). The pedestal accounts for a substantial fraction, but not all,
of the improvement of H-mode discharges over L-mode
conditions. The best H-modes are hot ion plasmas and are a factor
of 3 better than Goldston scaling48. In these H-modes
improvements in the bulk can contribute as much as the pedestal.

Most of the improvement of bulk plasma confinement appears to

result from a reduction of the effective heat conductivity in the
edge region, but inside the radius rp where the sharp edge
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gradients occur. This is seen in fig.20 were the the confinement
figure of merit ne<dTe/dr> + nij<dT;/dr>, as measured ~15 cm inside
the LCFS, is plotted as a function of heat flux q through the
magnetic surface at r/a = 0.9. (Flux surface averages were used
both for the temperature gradients and the heat flux.) The ion
temperature gradients were obtained from the outermost
available measurements, situated typically at r/a = 0.8a and 0.9a.
In the H-mode the effective heat conductivity
Xeff = (ne<dTe/dr>+nj<dT;i/dr>)/q is reduced by an order of
magnitude to between 0.5 and 2 m2/s. This reduction is
substantially larger than the reduction by a factor of 2 inferred
for Xjin section III, suggesting that it is mostly due to a decrease
in Xe. The reduced conductivity is mostly a reflection of the higher
edge densities in the H-mode, increases in the temperature
gradients (particularly of electron temperature) contributing
typically a factor of 2. These improvements in the edge region can
be related to the observation in the DIII-D tokamak of a zone of
reduced heat transport49, extending gradually inward from the
LCFS after the L to H transition, and the gradual reduction of
fluctuations inside the plasma after the transition41l,

n,<dT /dr> + n<dT/dr> (10°Jm™)

q(0.9a) (kW/m?)

Fig.20 Comparison of effective heat conductivities in H- and L-modes in the

edge plasma, 15 cm inside the LCFS.
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VII) Pedestal contribution to fusion performance.

In JET H-modes central values of the fusion triple product of up to
1021keVm-3s have been obtained (fig.21a). In the presence of a
pedestal the central fusion product is however not a good
indicator of overall fusion performance. A simple figure of merit is
given by the volume average deuteron pressure squared, <pp2>
(fig.21b). In the temperature range 7 to 25 keV, where <ov> scales
approximately like T;2, <pp2> is approximately proportional to the
volume average D-T thermal fusion power density.

Fig.21b shows that H-modes perform better by a factor of 10 to
20 than L-modes. Typically 40 to 70 % of the enhancement can be
attributed to the formation of a pedestal. Fig.2lc shows the
pedestal contribution defined as <pp2>ped = <pp2>-<(pp-pp(rp))2>. In
hot ion H-modes the pedestal contributes typically 40% to <pp2>,
and up to 70% in medium to high density H-modes, which have
broader temperatures profiles due to poorer beam penetration.

o =
T j
»

N, T, T (10% keVm3s)
N W s N @ ©
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1

o
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O &war

0 5 10 15 20 2
P, -dwrdt (MW)

Fig.21 Fusion performance in JET versus net input power in 3 and 4 MA

discharges. a) Central fusion product.
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Fig.21 Fusion performance in JET (continued).

b) Volume average deuteron pressure squared. The right vertical axis is the
approximate thermal D-T fusion power density produced for T;> 7 keV
throughout the profile, if half of the deutrium was replaced by tritium.

c) Pedestal contribution to volume average deuteron pressure squared.
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The pedestal contribution in materially limited plasmas is in the
range 5 to 15 %. (An alternative definition of the pedestal
contribution, based on the pedestal temperature only, <pp2>ped =
<pp2>-<np2(T;-Ti(rp))2> would result, for most JET profiles, in
attributing a slightly larger fraction of the overall performance to
the pedestal.)

In reactor conditions the existence of pedestals with
Ti(a) 27 keV can lead to a substantial increase in confined
alpha-particle power and a corresponding reduction of the ignition
threshold, despite prompt losses from the periphery. In the
temperature range of interest, the pedestal contribution to the
power Py of confined alphas is proportional to

Poc o <PD2>ped - PDZ(rp)°Vloss/V ; ©))

where pp is the the fuel pressure, V|oss is the volume from which
alpha particles are lost promptly or without significant
thermalisation. For an ITER sized device30 Voss/V = 0.3 can be
expected. Assuming pressure profiles similar to those in JET, it is
easily seen that only a small fraction of the alphas contributed by
the pedestal will be lost.

The absolute pedestal pressure, and so its relative importance,
may be expected to be larger in reactor conditions than in JET.
This becomes apparent upon inspection of eq.(3). Although little is
known on the scaling of particle replacement time with device
size, it is generally accepted that it will follow the energy
confinement time. For ITER we may assume that tj increases by a
factor of 5, roughly in proportion with the plasma volume. Since
however the auxiliary heating power envisaged for ITER is also a
factor of 5 higher than on JET, eq.(3) suggests that in the H-mode
ion temperature pedestals of the order of 10 keV may be obtained
at edge densities of 5-1019m-3. Such edge pressures would
correspond to B =2.5% in ITER, and would make a considerable
contribution towards ignition. The resulting high reactivity in the
periphery may however be a cause for concern if the
corresponding heat load is spatially concentrated, as is the case for
ripple trapped alpha particle lossesd!.
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VIII) Summary and discussion.

The results of this study have established a connection between
the ion temperature 'pedestals'’ observed by CXS, and the
detection, by a variety of probe techniques, of ions with energies
in the keV range in the scrape-off plasma. These energetic ions
can be explained by orbit losses from the main plasma, where
temperatures of up to 5 keV have been measured in H-modes
within 10 cm of the last closed flux surface. Pedestal ion
temperatures in the H-mode scale like power per particle,
Ti(rp) < 1.3-P(a)/ne(0.9a) [keV, MW/101% m-3]. Boundary ion
temperatures in limiter discharges also follow a scaling with
power per particle, but are an order of magnitude lower than the
H-modes. This scaling can be understood from the relationship
between ion energy and particle fluxes through the boundary,
Ti(rp) =« <E;i> = tiPi(a)/N;.

Although probe measurements of ions in the scrape-off layer are
still in an early stage, having no temporal resolution, and only a
coarse energy resolution, they clearly show that keV ions escape
beyond the LCFS. They suggest a complex picture of the scrape-off
plasma where energetic escaping ions coexist with a background
of lower energy ions from the ionisation of fuel and sputtered
impurities, and call for time resolved measurements of the local
ion velocity distribution functions. Escape energies in the keV
range have also been inferred from the power to particle flux
ratio at the X-point heat strike zones, and their location with
respect to the X-point. They show that ion orbit losses account for
most of the loss power in the ion channel, and also show a
decoupling of heat and particle fluxes into the divertor region. The
observed magnitudes of ion power and particle losses are
consistent with our estimates for orbit losses, and if net, could set
up electric fields of tens of kV/m across the transport barrier in
less than one millisecond.

The observed ion losses can easily account for the formation of
electric fields as observed at the L to H transition in the boundary
of several tokamaks39-43 including JET44, and hence confirm their
potential role in establishing the H-mode. Orbit losses are also a
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key element in recent H-mode theories, which explain the
formation of the transport barrier by a reduction in turbulent
transport caused by the sheared poloidal rotation induced by the
edge electric field34-36, QOur analysis indicates that a reduction of
electron transport through the transport barrier, although
necessary, is not sufficient, a reduction of ion orbit losses by the
confining effect of the electric field accross the transport barrier is
also required.

In the H-mode the pressure pedestals established across the
transport barrier contribute typically 40% to the stored thermal
energy. Although significant, this is generally only about half of
the overall improvement of H-modes over L-modes, which have
negligible pedestal energies. The remaining improvements occur
throughout the cross section, but most noticably near the edge. At
r/a=0.85, Xeff drops from typically 10 m2/s in the L-mode to
about 1 m2/s in the H-mode, mostly as a result of improved
electron confinement. The recent H-mode theories34-36 do not
explain the improvements of confinement in the bulk of the
discharge.

The results from the JET device suggest that the entire volume of
a tokamak reactor plasma can be taken to thermonuclear
temperatures, with edge pressures sufficient to make a significant
contribution to the overall fusion reactivity. In JET H-modes the
pedestal contribution to the volume average of the deuteron
pressure squared (which is proportional to the fusion power
density for T;> 7 keV) is already 40 to 70%. The volume average
deuteron pressure squared in L-modes is 10 to 20 times less than
in H-modes.

In reactor conditions the deposition of most of the ion power in
the form of particles with high energies of the order of 10 keV is
favourable from the point of view of impurity production by
sputtering because of the correspondingly low particle fluxes, and
the lower sputtering yields at high energies32,52, Target surfaces
should however be designed with ion orbits in mind in order to
avoid local overheating. Present JET experience suggests that
target surfaces close to the X-point are most unfavourable because
escaping ions are most 'focussed' near the poloidal null.
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Impurity accumulation and poor ash exhaust are generally
considered as the major drawbacks of an H-mode reactor, and can
preclude steady-state operation. The relatively modest particle
replacement times (tj~3tg) in many of the JET high performance
H-modes, and the demonstration of an H-mode in DIII-D53 with a
density maintained constant by ELM activity for 10 s, suggest that
these problems of H-mode operation can be overcome. It is also
important to note that ELMs do not significantly depress the time
averaged boundary ion temperature or pressure, leaving intact its
contribution to the overall fusion reactivity. The scaling of
boundary ion temperatures suggests that the edge ion pressure,
and hence its contribution to the overall fusion reactivity may
substantially increase in a reactor sized device, and make ignition
in the H-mode easier than generally anticipated.
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