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Abstract.

During the H-mode experiments with ICRF heating on JET it was observed that the
influxes of deuterium and impurities can substantially modify the quality of both the
energy and particle confinement. In particular a Low Particle Confinement(LPC)
H—mode was triggered either by deuterium input into the X—point region or as a result
of a moderate impurity influx into the plasma boundary. In the LPCH—mode the
particle confinement is at least 3 times less than in a normal H—mode. The energy, on
the other hand, decreased by only ~ 20%. The electron density, the deuterium density
and the radiated power are also less than in a normal H—mode. However the deuterium
dilution reaches a steady—state. The H—mode duration is extended by the LPC—phase
to 2.8s and is limited only by the length of the heating pulse. The LPCH-—mode
particle confinement is linked to L—mode like particle diffusion within the radius
0.5<r/a<<0.8 and the H—mode like barrier due to large V/D in the plasma boundary.
This mode has the potential for substantially extending the H—mode phase to make it

more reactor relevant.

1.0 Introduction.

The High Confinement Mode, in a tokamak with magnetic divertor, was first observed

in ASDEX[1). Since then the H—mode has been obtained on a large number of
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tokamaks and with a variety of heating schemes[2—11]. Initially, on JET, H~modes
were observed only with the Neutral Beam Injection(NBI) heating. Introduction of
beryllium in JET[12] and the subsequent reduction of the "RF specific" impurity
influxes from the Faraday screens of RF antennae[13,14] allowed H—modes with
combined NBI+ICRF heating and also with the ICRF heating alone to be obtained. As
reported earlier[15,16] the confinement properties of RF H—modes were comparable to
those of NBI H—modes. Typically, the global energy confinement time was twice that
given by Goldston scaling[17] and the local transport analysis indicated that the
improvement occurred mainly in the outer plasma region bounded by the flux surfaces
within 0.5< p <1. In addition, the particle and impurity confinement was significantly
enhanced and the density, radiated power and impurity concentration generally
increased throughout the H—mode. Termination of the H—mode was attributed to the
radiated power reaching & 60% of the input power.

In this paper we describe some of the results from the latest series of JET
H-mode experiments with ICRF heating alone. In particular a new regime is discussed
in which the particle confinement is substantially reduced while the discharge
continues to benefit from the high confinement of energy. The successful operation of
the next step device will require a high energy and low particle confinement scenario
and at present it is suggested that the Edge Localised Modes(ELMs) will provide the
control of particle and impurity confinement. The Low Particle Confinement H—mode
appears to be triggered by enhanced radiation from the outer region, r/a > 0.5, of the
plasma and is characterised as ELM—free because the typical Da bursts, usually
associated with ELMs, are absent. In the experiments described below, the
LPCH-mode was achieved either by deuterium puff into the X—point region or by
injection of nickel trace impurity into the plasma boundary. Modification of both
energy and particle confinement was also observed when deuterium pellets of 2.7 mm
diameter, which have shallow penetration depth, were injected into the boundary of

the H—mode discharge.



2.0 Experimental arrangements.

The JET device is a low aspect ratio tokamak with major radius Ro= 2.96 m and
minor radius a=1.2 m. In the series of experiments reported in this paper the plasma
was operated in a Double Null X—point(DNX) configuration with the toroidal field on
axis B =2.8 T, plasma current Ip=3 MA and elongation x ~ 1.8. Direction of the
toroidal field and the details of the magnetic configuration were such that the power
flowing in the Scrape—off—Layer(SOL) was interacting with the carbon protection tiles
at the upper X—point(the ion VB — drift towards this dominant X—point). The low
field side RF antennae were fitted with new beryllium Faraday screens which replaced
the old water cooled nickel screens. The heating scheme used a hydrogen minority in a
deuterium plasma(D(H) scenario) and the majority of discharges utilized the toroidal
dipole (0,7) phasing of the antennas with k= 7m™L. The frequency was adjusted so
that the minority cyclotron resonance passed through the magnetic axis.

Changes of the edge parameters during the H—mode modify the propagation of
the RF wave and result in a rapidly changing load to the RF generators. It is then
difficult to sustain a high power input at a constant level. A new feature of these
experiments involved control of the plasma position by a feedback loop acting on the
value of the coupling resistance Rc' Consequently a constant value of Rc was
maintained during both the L and H phases. This permitted improved tuning and, as a
result, the RF power could be maintained at a constant level. During the experiments,
described in this paper, the power did not exceed PRF= 10 MW. This limit was
imposed by the carbon influxes from the x—point target plates.



3.0 Low particle confinement H—mode.

8.1.LPCH-mode induced by gas input into the z—point.

As we discussed briefly in the Introduction the ICRF heated H-modes are sensitive to
the influxes such as RF specific influxes from the antennae screens or the controlled
influxes by gas puffing, edge pellet fuelling or nickel trace injection. The entire ICRF
H—mode data base is plotted in Fig.1, where the plasma energy content, measured by
the diamagnetic loop, is compared to the Goldston scaling. At first sight, the data set
exhibits a large scatter. The best H—modes, in terms of the energy confinement, are
those where the discharge evolved without any additional particle input(deliberate or
accidental) into the plasma boundary. Typically, these would reach energy content

W > 25 WG' The fraction of energy stored in the fast ions is in the range
0‘05<Wf/wdja<0’15' The rest of discharges, with the pellets, nickel, carbon fragment
or gas introduced into the boundary, have somewhat reduced confinement. The
systematically lower confinement with monopole phasing is consistent with existence of
the convective cell[18,19] in front of the Faraday screen which interacts with the
H—mode boundary barrier.

Two examples of a modified H-mode(LPCH), which has not been previously
observed on JET, are pointed out in Fig.1. The first example was obtained by gas
puffing into the X—point region(but outside the volume defined by the separatrix and
the x—point). Gas introduction started before the application of ICRF-heating power
and was sustained during the entire H and LPCH—phases. The traces of the radiated
power, D o light, plasma stored energy and ICRF power are plotted in Fig.2. The onset
of H-mode takes place at t~12s and the first phase of the H—mode untill tx13.6s can be
characterised as a regular H—mode. However there is one important difference. In a
regular H—mode the gas input from the valve is usually automatically switched—off
when the density starts to rise after the L—>H transition. In this case a forced gas
influx ¢ . of the order of 3-5 x 102! deuterons s was maintained throughout the
entire H—mode phase. Correspondingly the radiated power is substantially higher than
in a regular H-mode[15,16,20] by factor 2 to 3. When the total radiated power,
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including power from the X—point region, reaches x10 MW and the power flowing into
the plasma edge Pppyqp= P+ PRF—dW/dt—PgHBK drops from 5.3 to x4 MW a
sudden "switch" in the particle confinement is seen in the trace of Ppap in Fig.2 and
in the trace of N = <n e>V in Fig.3(<n e is the volume averaged plasma density and
V is the plasma volume). The evolution of the plasma energy content shows a
reduction already before the the H —> LPCH tranmsition due to a dramatically
increasing radiated power. The maximum energy content, reached during the discharge
at t~13 s, is 2 x W, which then drops by & 15-20 % during the LPCH phase. Note
that the LPCH—>L transition takes place during the ramp—down of RF power. The
H—mode termination by the radiation spike in the X—point region, which is the usual
cause of H-mode termination, was delayed and the duration of the LPCH—mode could
have been extended for a longer period by continuing the RF heating. The energy
evolution during the LPCH—mode has a finite positive slope which might be due to
gradual improvement in the confinement. That might be important if the steady—state
could be achieved. There is no doubt that the steady—state for impurity concentration
was already obtained in this discharge. During the LPCH—phase the deuteron dilution
remained constant at the level nD/n o #0.65 as indicated by constant Z g To reach the
steady—state in density could be achieved by the simultaneous increase of gas puff and
RF power.

To calculate the change in the global particle confinement time is possible only
if both the deuterium and impurity influxes are measured quantitatively. This is not
done in the experiments. However the confinement of deuterium can be estimated with
a reasonable accuracy. The global impurity behaviour is well described by the
evolution of Zeff’ plotted in Fig.3. Assuming that the principal impurity is carbon, the
total number of deuterons Np can be calculated(see Fig.3). The characteristic
confinement time of deuterons can be now derived from the N evolution and the gas

input from the valve ¢ g in form

T;= Np/(bg — dNp/dt)



which can also be defined as

o= 'rp/ (l—RD)

Here Rp= ¢p/(Np/ rp)is the deuterium recycling coefficient, T is the particle
confinement time defined at the plasma edge and the ¢R is the deuteron recycling flux.
Give;n the values Ny, ¢ g and §dNp/ dt)*at t ~ 13.6s(H—>LPCH transition) the change
of T, can be estimated. In particular, T decreases from 1.5 to ~0.5s. Assuming that
the deterium recycling does not change significantly during the transition the factor ~3
change in T; represents the change in o Given the method used to derive r; and the
error bars in the data, in particular the gas input ¢g and §dNp/dt), the absolute value
of this parameter should be taken with care. It represents only a rough measure of the
T D change. Despite this uncertainty it can be stated that the particle confinement time
changes by a large factor while the confinement of energy is reduced at most by = 20%
as indicated in Fig.2. The confinement of impurities will be discussed in Section 3.4 for
another example of the LPCH—mode.

The features of the LPCH—mode, induced by the strong gas puff, are i)slightly

D\Zall XPT

enhanced recycling both at the wall( o

signal in Fig.2) and X—point region(D
signal in Fig.4), ii)slightly relaxed density gradient at the plasma edge. The latter can
be deduced from measurements of the plasma—antenna distance, in Fig.4 denoted
da— . At the switch of T at t = 13.6 s, the plasma position feedback system increases
the separation da—p in order to maintain constant RF coupling resistance R .. In other
words, the same coupling resistance at larger antenna—plasma distance implies a
relaxed density gradient in front of the Faraday screen. With respect to MHD activity
it is found that the transition is not associated with low m,n (< 3) MHD modes as no

correlation with such modes could be found.



3.2. Features of energy transport in the gas—puff induced LPCH—-mode.

The mechanism for the H—>LPCH transition is not understood. Nevertheless it can be
concluded that the transition is a result of strongly modified energy balance in the
outer region of the plasma. The strong gas puff induces additional density rise and, in
particular, a corresponding increased radiation loss coming predominantly from the
r/a>0.5 region(Fig.11). To support this thesis two regular H—modes(cases a,b) are
compared to the gas—puff case ¢ in Fig.5. The regular H—modes were obtained at
somewhat different level of input power and the duration of these H—modes is
relatively short.(The H—>L transition is triggered by a radiation spike from the
X—point region. It is a similar spike as the one which is associated with the LPCH—>L
transition seen in Fig.2) First we note the behaviour of radiated power(radiation from
the x—point region excluded) which, in the gas—puff case, is substantially enhanced.
The resulting edge electron temperature, measured by the fast ECE system, is at least
factor 2 lower than in the regular H—mode. The T, error bar is * 10% in absolute value
and #5cm in radial position. In Fig.6 the edge temperatures are plotted against the
plasma radius. The "profile" denoted by dots refers to the time of the
H—>LPCH transition. The remaining profiles are plotted at the times when the
TED GE is maximum. Position of the Last Closed Magnetic Surface(LCMS) is defined
by the MHD equilibrium code using the magnetic data. Within the error bars the two
outermost channels can be taken as indicative of the Te pedestal. The role of the
energy balance in the outer plasma region is further strengthened by the qualitative
correlation of the time evolution of T, and Pppy~p(see Figs.5 and 6). In all regular
H-modes the PEDGE and T, increase monotonically untill the time when the
transition H—>L occurs. In the H-~mode with the strong gas puff the PeDGE first
reaches a maximum (tx13s) and then starts to decay. Subsequently the H—>LPCH
transition is triggered at t~13.6s. In the regular H—mode the H—>L transition occurs
when PEDGE reaches 6.5 MW and the H->LPCH transition in the gas—puff case
takes place when PEDGE droppes to 4.5 MW. Note that the transitions does not

occur in the same time.



As discussed in the previous Section the global energy confinement during the
LPCH—mode is degraded only marginally. Thus we expect that the local transport is
similar to that in a regular H-mode. In the H-mode the improved confinement occurs
primarily in the outer plasma regions, i.e., at r/a > 0.5. To estimate the values of the
thermal conductivity at the H—>LPCH transition we adopt the cylindrical model of
Callen et al.[21] and assume that T s T, and that the plasma is in equlibrium. The ion
temperature profiles were not measured, however, the central electron and ion
temperatures were, within the error bars, equal. This is not surprising because the
plasma density was high and so was the minority concentration. Thus the proton
minority tail is expected to be below or close to the critical energy for electron
respectively ion heating. This is confirmed by the estimate of the fraction of the fast
ion energy Wy/W .. =2(1— Wy, /W, )/3. It is less than 10% in the H—phase and
Wf/W dia®0 at the time of the H—>LPCH transition. The central temperatures are
plotted in Fig.4. We note that the ion temperature deduced from neutrons(broken
line) is during the first second overestimated. This is attributed to presence of the
2wnp tail which disappears with the rising density. Further we consider region 3.6 <R
<4.0 m, where the convective losses are assumed to be negligible compared to the

diffusive loss. Thus the integration of the energy balance yields the diffusive heat flux

dT(r)
—n(r) x.gr) A(1)

= Pq(r) + PRp(r) = Ppap(r)

in which A(r) = 4 ° R r. Power inputs P(j, Pp and the radiated power Pp AD(r)

within the volume V(r)=21rzR 01'2 are

2 N
P(r)=4r Roj(r)r’pi(r)dr, i =0, RF, RAD.



The volume V(r) is defined by the magnetic flux surface of area A(r) and R is the
major radius. The RF power deposition was calculated using the ray tracing code
FREMIR[22] and, as usual, the deposition profiles are peaked. Typically ¥90% of
power is absorbed within r/a < 0.45. The average Xefg 18 %2 ¢ 1 m2s Lbut is slightly
higher at the inner radius R=3.6 m and slightly lower at the outer radius R=4m. It
can be concluded that the derived values are in the range previously derived[16] for the

H-—modes with the energy confinement twice that of Goldston.



8.8. LPCH—-mode induced by nickel injection.

The second clear example of the LPCH—mode was obtained with the nickel injection
and is plotted in Figs.7a and 7b. In this case the amount of injected nickel(usually
injected in a small amount to study the nickel transport) is not negligible and the
corresponding radiated power increase reaches dPagg) ~ 4 MW, with 1 MW radiated
from the X—point region. At the same time a sudden drop in the particle confinement
T is induced. As a result the bulk radiated power then decreases throughout the
remainder of H—mode due to the decreasing plasma density(Fig.8) while the power
radiated in the x—point remains constant. In Figs.7 and 8 the LPCH—mode is shown to
last for » 1s. During the LPCH—phase the plasma density <n,> = Ne/V decays, as
opposed to the density rise always observed during the H—phase. The deuterium
density also decays, and somewhat faster than the electron density, because the yield
of main impurity, carbon, is higer than one and the deuterium input from the gas valve
is zero. As can be seen from results presented in the previous Section a strong
deuterium puff during this phase could bring the deuterium dilution into steady—state.

The change in the global particle confinement time during H—>LPCH
transition can be estimated in an identical way as in Section 3.1. Because the gas input
¢g=0 at t > 12.6s the change §(dNpy/dt) at the time of H—>LPCH transition(s 13s) is
a direct measure of the change in 1-;. Thus 'r; decreases from x5 to x1s. Assuming that
Th is comparable to the confinement of impurities, derived below, the recycling of

*
deuterium Rpy has to be significantly below one. We note that the values Tp, are higher
*
than in the case with gas puffing. However, in both cases a significant ™ reduction is
observed.

As in the previous case with gas puff the energy balance in the outer plasma
region is significantly modified by the enhanced radiation due to the injected nickel. In
this case the PepGE 18 transiently(x150 ms) decreased from %4.5 MW to s1.5MW
which is sufficient to trigger the H—>LPCH transition. The amount of injected nickel

18

are a few 10™" ions. The increase of bulk radiation allows an estimation of the average

nickel radiation constant <LNI> characteristic of the H—mode. It is as defined,
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PR A p = <n,><ny;><LN'>V and is typically <LV'> 52-3 x 10732(wm?).
3.4. Laser—injected nickel behaviour.

An objective of injecting a small quantity of nickel impurity by laser ablation into the
plasma is to investigate the transport of impurities. In the discharge described above
the amount was sufficient to trigger the H—>LPCH transition. The intensity of the
NiXXV line(117.94 A) normalised to the line averaged density is plotted in Fig.9. It
represents a measure of the number of nickel ions along the line of sight. Correction
due to the temperature variation is small. The characteristic decay times of such
signals are representative of the impurity confinement times. The ratio of the decay
times in H and L—modes is 810, indicating that the impurity confinement in H—mode

is increased by an order of magnitude. This large increase in is always observed,

Tim
in both the ICRF and NBI-heated H—modes[23, 24]. In cI:mtra.st, during the
LPCH—mode, ™i has an intermediate value x1s. The factor 3 reduction, with respect
to the H-mode, is consistent with the -r; reduction discussed in Sections 3.1 and 3.3.
The transport of impurities into the plasma following laser ablation was
followed with good spatial and temporal resolution using two soft x—ray cameras
together with VUV and x-ray spectrometers. The experimental data, namely, the
absolute x-ray emisgivity profiles and the spectroscopic line brightnesses time

evolution were then simulated using an impurity transport code. In the code the

impurity flux for each ionization stage is described by an expression of the type
I‘z(r) = —D(r) (6nz/ or) — V(r)nz .

The best match between the simulation and the experimental data then provides a
measurement of D(r) and V(r).

The impurity transport parameters thus obtained to simulate the impurity
behaviour in the LPCH—mode discharge are shown in Fig.10. In the central region

p=r1/a<0.2 the diffusion coefficient D is small and close to the neoclassical predictions.
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This is a general feature also observed between sawteeth in ohmic and L—mode
discharges and during regular H-mode discharges[23, 24]. Within the intermediate
region 0.2<p<0.8 the value of D = 2.5m2s 1 reaches roughly thirty times the
neoclassical value and is characteristic of L—mode discharges. In regular H—mode
- plasmas, on the other hand, the typical values are factor 5—10 lower as indicated by
the dashed region in Fig.10. The edge region, p>0.9, develops a transport barrier in
usual fashion. The strong increase of the inward convection velocity in the narrow
region inside the separatrix is needed to simulate the behaviour of both the intrinsic
and laser ablated impurities in H-mode plasmas[24,25,26]. The shape of D(r) beyond
p=0.8 is somewhat arbitrary as any selected value of D(within reasonable bounds) and
the matching value of V can simulate the impurity data satisfactorilly. If we keep the

2,1 up to the plasma edge the resulting inward pinch velocity would

value D=2.5 m
have to be higher than the corresponding pinch velocity in a regular H—mode. To
summarise the simulation of the LPCH—mode, it is characterised by the L—mode like
diffusion coefficient Dy p~g(0-5 < p < 0.8)) = 5-10 x Dy. Also the efficiency of the
transport barrier, measured by the ratio V/D at the edge, is reduced by a factor x2

when compared to a regular H-mode.
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4.0 Discussion.

The trigger mechanism for the LPCH—mode is not understood but it appears to be
related to the energy balance in the outer region of the plasma where the enhaced
radiation(in both cases of the gas—puff and nickel injection) takes place. The edge
temperature is reduced due to the drop in the PEDGE which can be induced either
slowly by gas—puff or transiently by the nickel injection. The two types of discharges
were run at different plasma densities, see Fig.11, and the transition took place at
different edge electron temperatures. Thus it seems that the additional "hidden"
parameter(s) in conjucton with the ngge drop is/are responsible for the trigger. It is
interesting to note that the electron pressure profile is similar in the two cases. The
error bars on the electron temperature profiles as well as density profiles are +10% in
absolute value. Error bar of the central electron density value might be somewhat
higher because one channel of the interferometer was missing. Error bar on the
radiated power does not exceed £+15%.

A similar mode with high energy confinement and the density in a
quasi—stationary state has been observed in JFT—2M[10]. In that mode the edge
temperature is also lower than in the H—-mode. However other aspects of the behaviour
are somewhat different. In particular the energy confinement is higher than in a regular
H—mode and is attributed to the density peaking. The radiation level increases in the
core region. Another improved confinement mode, with central density peaking, was
obtained with the counter NBI in ASDEX[11]. In this mode both the energy and
particle confinement are enhanced in contrast to the degradation, mainly in T in the

LPCH—mode.

5.0 Conclusions.

A major improvement of the JET ICRF-heating performance resulted from
elimination of the "RF specific" impurity influxes by introducing beryllium Faraday
screens. ICRF—heated H-modes with energy content above 2.5 x W can be now

routinely achieved. The results presented in this paper demonstrate that the
13



confinement of ICRF—heated H—modes is sensitive to the gas and impurity influxes. A
new regime Low Particle Confinement H—mode, which exhibits a strongly degraded
particle and impurity confinement, was observed. Typically the regular H—mode

particle confinement is 'rg > 3s while in the LPCH-mode it is lower, e.g., Tlﬁp CH,

1s.
The intermediate(between L and H) particle confinement is found to be linked to the
I—mode-like particle diffusion in the bulk of the plasma and the H-mode like barrier
of enhanced V/D at the plasma boundary. The energy confinement of the LPCH—mode
is degraded only by %20%. To reach the steady—state in density was not attempted in
the LPCH-phase but could be achieved by the simultaneous increase of gas input in
conjuction with increased RF power. However the deuterium dilution reaches the
steady—state. The LPCH—modes appear to be ELM—{ree in a sense that the usual D o
signature of ELMs is absent. The LPCH—mode has the potential for extending the
regular H—mode phase to make it more reactor relevant. The low particle confinement
is a necessary but not sufficient condition for the successful application of this mode. It

is important that the impurity yield is low enough. The gas puff is one possible

ingredient as indicated by the results presented here.
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