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ABSTRACT

The isotopic effects on the edge transport barrier are investigated for the ELM-free hot-ion H-
mode discharges from the recent D-T experiments on JET. The role of fast particles is most
clearly illustrated by comparing the pressure at the top of the edge transport barrier for the
discharges with deuterium and tritium fast particle sources. The scaling of the experimental data
from the D-D and D-T hot-ion H-modes supports the hypothesis that the width of the edge
transport barrier can be controlled by the orbit losses of fast ions with a sufficient concentration
in the edge. Based on this width scaling, the neoclassical theory predicts that the power losses

through the separatrix scale Bgg [ nedgezzeff edgel p'l. It has now been demonstrated that

this is consistent with the experimental data from the Mkl and MKII divertors. However, a sys-
tematic increase in the loss power has been observed between the two divertor campaigns. A
connection is proposed between this observation and the changes in the impurity production
between the Mkl and MKII divertors. The role of gas puff and edge recycling is also investi-
gated.

1. INTRODUCTION

The hot-ion ELM-free H-mode discharges have delivered the world record for fusion power
(16.1MW) [1] and have clearly demonstrated alpha particle heating [2] during the recent D-T
experiments (DTE1) on JET. The characteristic feature of this regime is a low initial (target)
plasma density, coupled with low levels of neutral recycling. The low target density, in combi-
nation with high power neutral beam heating allows the ions to be decoupled from the electrons
and thus maximises fusion performance. Low levels of recycling as well as highly shaped plasmas
and high plasma current are necessary to maximise both the ELM-free period and the fusion
performance [3,4].

A key feature of the hot-ion H-mode lies in its edge transport barrier. The edge transport
barrier controls the energy losses through the separatrix. It has been observed that the confine-
ment, normalised to the ELM-free H-mode scaling prediction (ITER 93-H), rises approximately
linearly with time, during the ELM-free phase, up to a factor ~ 1.8 [5] in the hot-ion H-mode
plasmas. This observation has been explained in [5,6] by a model which requires the anomalous
heat transport across the edge transport barrier region to be significantly reduced or suppressed
so that the remaining transport approaches the level of ion neoclassical thermal conductivity. In
addition, the edge transport barrier controls the edge ballooning and kink instabilities which are
driven by the edge pressure gradient (ballooning mode directly and kink mode via bootstrap
current). Assuming that the pressure gradient within the edge transport barrier is constant, both
energy flux through the separatrix and the maximum plasma pressure at the top of the barrier are
controlled by the width of the edge transport barrier. There are a variety of theoretical proposals
about the possible scaling for the width of the edge transport barrier since the discovery of the



H-modes [5-15]. However, due to inadequate experimental information for the edge region which
exhibits steep gradients, it is still not clear which mechanisms control the width of the edge
transport barrier. Recently, it has been suggested that in some cases the width of the edge trans-
port barrier can be controlled by the orbit losses of fast ions from neutral beam (NB) injection
[16].

The significance of edge recycling and
impurity production for the hot-ion H-modes
is that the neoclassical model [5] predicts that
the loss power through the separatrix is given
by Ross 0 Nedige” Zeft edge- With the assumption
that the width of the edge transport barrier is
given by the ion poloidal banana width
Apar D\Epa with pgbeing the Larmor ra-
dius of either thermal or fast ions. In going from
the MKl to the MKII divertor, the loss power  (b)
was increased significantly. The Mkll divertor
was designed with a more closed geometry
compared to its Mkl predecessor, as shown in
Fig. 1, to reduce the flow of neutrals back into
the confined plasma. It was thereby hoped to
reduce the loss power by charge exchange in
the edge plasma and to reduce the impurity pro-
duction by the neutrals in the main chambetig. 1. poloidal cross sections of the JET Mk (a) and
In fact the neutral pressure in the MKkl divertoMKkl! (b) divertors.
is increased by about a factor of two, resulting
in an significant increase in pumping [4]. However, one unexpected result of the MKIl operation
is that the impurity production yield at the target is about a factor of two higher in the MkIl
divertor than that in MKI, which is attributed to the enhanced chemical sputtering in Mkll due to
the higher base temperature of the MklI divertor target plate [17].

The outline of the present paper is as follows. In Section 2 we report the experimental
observations of the isotopic effects on the edge transport barrier in the hot-ion H-modes from the
DTE1 campaign and show the detailed evidence for the role of fast particles. In Section 3 we
first describe the models for the width of the edge transport barrier, followed by the experimen-
tal scaling of the edge transport barrier width with different model assumptions. In Section 4 the
loss power is compared with the predictions from the neoclassical transport model, based on the
width scaling for the edge transport barrier. In Section 5 we attempt to explain the difference in
loss power between the Mkl and MklI divertors in terms of the neoclassical heat transport within
the edge transport barrier and hence demonstrate the significance of the edge recycling and the
impurity production for the hot-ion regimes. The summary and conclusions follow in Section 6.

Target plates Cryopump
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2. ISOTOPIC EFFECTS ON EDGE TRANSPORT BARRIER
2.1. Edge pressure and ELM free period in D-D and D-T

While it is affected by a variety of MHD phenomena, such as the sawteeth or the outer modes
[18], the performance phase of the hot-ion H-mode is eventually terminated by the occurrence
of a giant Type | ELM [19]. It has been shown that the Type | ELM [20] is usually associated
with the ideal ballooning modes [21]. This is consistent with the observations of the hot-ion
modes at different plasma currents, which shows that the giant (Type I) ELM occurs as the edge
pressure gradient approaches the ballooning instability limit [22].

At JET the edge pressure, including both electron and ion pressure, i.e.,
Pedge = (NeTe + N Ti Jedge, IS Measured at R = 3.75 m, corresponding/@= 0.9, at the top of
the pedestal, inside the steep gradient region. The edge electron dgggitys a line average,
determined by the edge channel of the interferometer. The edge electron temp&Js giyseis
a local measurement at the same position, obtained from the Electron Cyclotron Emission (ECE).
The ion pressure at the edge is measured by the Charge eXchange (CX) diagnostics taking into
account impurity dilution. Fig. 2 shows the evolution of the edge presBygg), together with
the other plasma parameters at the edge for a hot-ion H-mode in D-D (#41068), in comparison

with that in D-T with ~60% tritium in the dis- — D-T (Pulse No: 42856) ——- D-D (Pulse No: 41068)
charge( #42856). Both pulses have the samg 4opw
plasma current (3.8MA) and toroidal magnetic™ of ——===" L T
field (3.4T). The total heating power suppliedg 4TDG NL
by the Neutral Beams (NB) is also the same (~ |- e | DT |

10MW), but for the D-T pulse the neutral s 4-Pa i L L
beams consists of the same isotopic composi- | wio DD A ML

tion as in the plasma. In addition, up to 2MVV‘°E
of ICRF heating is applied in the D-D pulse to&’g‘

simulate the alpha heating which would occur, 4W

@ r i PO
in D-T. As can be seen in Fig. 2, after the ini< |
tial threshold ELMs the edge pressure grows. fr

i, edge o o
with time at the same rate for both the D-D€ //T\"”

and D-T pulses. However, the D-T discharge ° NBI
< 10
proceeds further and reaches a higher ed@ i

; 0
pressure at the onset of the giant ELM, hence 5o 365 @5 140 145 150

explaining the longer ELM-free period, as in- Time (s)
dicated by th® g emissions from the divertor. Fig. 2. Time traces of two comparable hot-ion H-modes

. . (10MW, 3.8MA, 3.4T) performed in D-D (#41068) and
The evolution of the electron densmye((ge), in D-T (#42856) illustrating the changes in the edge
the electron temperatur@(cqqd and the ion pressures. Data shown are the edge pressugesis-

temperatureT| «qqd at the edge in D-T is a|Sosions from the strike zone in the outer divertor, the elec-
e tron density, the electron temperature, the ion tempera-

reproduced by the D-D alpha simulation pUIS@ure, as well as the additional heating power.
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Note that Comparing D-D and D-T dis- — Pulse No: 41069 ——— Pulse No: 41071

Pedge

charges at the same beam power, but withouf 40
simulating the effect of alpha heating, showé |
that the rise of the edge pressure in D-D is gen-
erally slower than that in D-T. This results ing
the ELM-free periods as long as the D-T cases.
However, itis possible that this arises from dif-< 4
ferences in recycling, according to how the™
walls were pre-loaded with D-T. To investigate_
the effect of recycling, independent of isotopic;ﬁ;E
effects, Fig. 3 compares the evolution of the?
edge parameters for two D-D discharges with_ }
different recycling levels. The two dischargesa il || PuseNoatory |
have the same NB heating power as the dis- Jli

0

4

"Dq Pulse No: 41069

!

. . < 10
charges shown in Fig. 2. As can be seen, & |
higher recycling level, the edge density rises ‘

oo ) 120 125 130 135 140 145
faster, but the rise in both electron and ion tem- Time (s)
peratures at the edge is reduced. As a resity. 3. Evolution of the edge pressure, the ion tempera-

the evolution of the edge pressure is Sim"élrlre, the electron temperature and the electron density
of two D-D hot-ion H-modes with the same neutral beam

for the two discharges, reaching similar edggating (10Mw), but with different recycling conditions.
pressure values at the onset of the giant ELM.

Notice that the maximum pressures obtained in these two discharges are comparable to that in
the D-D alpha particle simulation discharge (with ICRH) (Fig. 2) in spite of very different recy-
cling conditions. The ELM-free periods in the NB only D-D discharges are longer due to the
slower rate of rise in edge pressure, compared to the alpha particle simulation pulse.

A large number of the D-D discharges with different edge recycling conditions were car-
ried out prior to the D-T campaign. It is found that with similar plasma current and additional
heating, the maximum edge pressure in D-D is lower than that obtained in D-T. Assuming that
the type | (giant) ELMs occur at the same critical pressure gradient and that this is dictated by
the ballooning instability suggests that the width of the edge transport barrier is larger in D-T
than that in the D-D discharges, as will be further discussed in the following sections.

It is well known that the hot-ion H-mode plasma is very rich in the different type of MHD
phenomena such as sawteeth and outer modes [19], which might sometimes interfere with ELMs
and thus affect both the edge pressure and the ELM-free period. The simplest example is a
sawtooth crash which redistributes the plasma pressure and can lead to a sudden increase in the
edge pressure followed by a prompt ELM. Since our assumption is that the cause of Type | ELM
is the ballooning instability, the edge pressure should be measured as close to the onset of the
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ELM as possible. The outer modes (driven by the external ideal kink instability [18]), like ELMs,

are also edge localised phenomena. If they are localised in the plasma inside the edge transport
barrier, we might expect an increase of the edge pressure, which should be taken into account
while evaluating the edge pressure. However, we sometimes observe a decrease in the edge
pressure due to the outer modes. This might happen in a case where the outer modes are local-
ised within the barrier outside the position of our edge measurements<(& 9)a Such outer

modes could cause a local perturbation of the pressure gradient within the barrier region, and
hence trigger a relatively small ELM. In this case our measurements are not reliable and are
therefore excluded from analysis. In addition, some small benign ELMs could occur before the
edge pressure reaches a critical level. There are a number of phenomena which might case these
“premature” ELMs, such as UFOs. In the present paper, we will not discuss these small ELMs
and concentrate on the giant ELM which destroys the edge transport barrier and terminates the
high performance phase of the hot-ion H-modes.

2.2. Effect of fast particles

To investigate systematically the isotopic dependence of the width of the edge transport barrier,
we have chosen a series of discharges during the alpha particle heating experiments, described
in [2]. These discharges were performed at 3.8MA/3.4T with constant neutral beam heating
power (10 MW) and little variation in the particle source. The tritium concentration in the plasma
was varied from 0 to 100% by simultaneous control of the fuelling from neutral gas and from the
neutral beam injection system. The vacuum vessel walls and divertor target were also loaded
with the required DT mixture to ensure that the recycling composition was as close to that of the
gas and NBI sources as possible.

Fig. 4 shows the critical edge pressure at the onset of the giant ELM (which terminates the
high fusion performance phase), as a function of the edge isotopic composition. The tritium
concentrationny /(ny +np) is determined from a high resolution visible spectrometer, which
measures the recycling composition and is representative of tritium concentration near the edge.
The critical edge pressure appears to be higher in the tritium rich discharges. A few deuterium
reference discharges for the alpha particle heating experiments are also shown. A survey of the
entire 10 MW hot-ion H-mode data base shows that no other deuterium discharges reach a
critical edge pressure above the data shown in Fig. 4 for the D-D pulses. From this it cannot be
deduced whether the higher edge pressure in D-T is due to fast or thermal ions since the isotopic
composition of the NBlbeam particle source is similar to that in the background plasma. This is
however clarified by results from the discharges with pure deuterium background plasma but
25%, 60% and 100%, respectively, tritium neutral beams, also shown in Fig. 4. The edge pres-
sures in the discharges with 60% and 100% tritium beams are higher than the D-D discharges
and comparable to other tritium rich discharges. This strongly suggests that the edge transport
barrier width is determined by the fast particles.
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Fig. 4. Edge pressure at the onset of ELMs vs. edge igéig. 5. Edge pressure at the onset of ELMs vs. the iso-
topic composition for a series of 3.8MA/3.4T hot-ion Htopic composition of the neutral beams. The fast parti-
modes with NBI power of ~10 MW, in which the isotopicle pressure at the edge is also shown.

composition of the NBI beam particle source is closely

matched to that in the background plasma. In addition,

the data from discharges with a pure deuterium back-

ground plasma and tritium fast particles from the neu-

tral beams are shown for comparison.

To further illustrate the effect of fast particles, Fig. 5 plots the edge pressure versus the
isotopic composition in the neutral beams. In the figure is also shown the fast particle pressure
computed with the self-consistent beam deposition code CHEAP (CHarge Exchange Analysis
Package) [23], which is benchmarked by computations with the TRANSP code. As can be seen,
the discharges with higher tritium beam composition have a higher edge pressure than the dis-
charges with only deuterium beams. In addition, the fast particle pressure also tends to increase
with the tritium concentration in the beams. However, with low tritium beam concentration, the
edge pressure is reduced to the level similar to the deuterium only discharges. This might sug-
gest that the fast particle concentration at the edge should exceed a certain level in order to be
sufficient for the control of the edge transport barrier. This result is consistent with the idea [16]
that the concentration of fast particles should exceed a certain level (about 1% of the thermal ion
density) in order for them to play a decisive role in the determination of the radial electric field,
which in turn controls the transport barrier width. The detailed information on the edge param-
eters at the onset of the giant ELMs for the discharges shown in Fig. 4 and Fig. 5 are listed in
Table I.

Further evidence for the fast particle effect is shown in Fig. 6, where two deuterium-only
discharges at 3.8MA/3.4T are compared. Both have similar NBI heating power, ~ 10 MW, but in
#42612 about 8 MW of the high energy (140KeV) beams are substituted for the lower energy
(80KeV) beams. Therefore, the fast particle ene<r§yast>, is lower in #42612 than #42590, as
shown in Fig. 6, wheréEfast> is the averaged energy of the fast particles which are present in



Table | Parameters of interest for a series of low power heated 3.8MA/3.4T hot-ion H-modes with different tritium

mix in the edge plasma and in the neutral beams, including: (a) deuterium only discharges with different recycling
conditions, (b) discharges with deuterium background plasma and fast tritium sources from the neutral beams; and
( ¢) discharges with similar tritium mix in both the edge plasma and the beams. In particular, in the table are also

listed the discharges with additional ICRH to simulate the alpha particle heating which would occur in D-T.

P No.| giod | o) | i) | iy | o | 1093 | o657 | o0 | Zoes | (5
41069 |0 0 6.0|0 0 307 453 522 [220 42.99
44401 |0 0 10.8/ 0 0 3.74 3.90 388 |210 40.49
42578 |0 0 10.6| 0 0 3.75 3.90 390 [1.86 42.75
41071 |0 0 6.0|0 0 407 3.94 392 |21 46.12
41067 |0 0 10.6(0.87 |0 3.06 4.81 531 [231 43.28
41068 |0 0 10.4/1.97 |0 3.02 5.79 5.0 2.20 47.21
42647 | 4% 25% 10.9(0 058 |3.92 3.92 383 |217 42.03
42657 5% 60% 10.1|0 0.97 |[4.03 4.82 436 (197 53.49
42656 5% 100% 8.3|0 091 [3.98 4.87 405 (172 53.32
42870  [29%  [21% 10.1|0 0.75 [3.23 4.22 465 |[2.28 46.0
42856  [63%  |45% 10.5| 0 1.40 |3.60 5.81 521 [239 58.59
42847 |71% | 70% 10.2| 0 150 |3.79 5.46 540 (217 60.48
42840 |84%  |100% 10.6(0 0.77 |3.63 5.50 533 |255 55.54
43011  |97%  [100% 10.5| 0 030 [4.21 4.80 414 |297 51.18
the edge, obtained from CHEAP analysis. The __ piceno- 42500  ——— Puise No: 42612

evolution of the electron pressure at the edge, zzfpe’ edge ‘
© r | |
Ps.edges is similar for the two discharges. How-& | % %
ever, the discharge with higher fast particle en- | - :
: |
ergy proceeds further and reaches a higher edge .| i N
pressure at the onset of the giant ELM. Notic& ssiauihl | PUise No: #2590 -

0,

A
N

that the ion temperaturdii(egqe) at the onset 9o, | i
of the giant ELM is about the same for the tw& 05 | puise No: 42612"_“45 i
pulses. 2:

Additional evidence of the fast particles |
effects comes from the results obtained fror¥ ,
the steady state ELMy H-modes [24]. In par-

ticular, the influence of the fast particle com-g A0 TS T T 18
, = 307 N/ g
ponent at the edge on the ELM behaviour is ™, ‘ v ‘ ‘ " |8
i . 125 13.0 135 14.0 14.5 15.0

demonstrated in RF heated discharges where Time (s)

the deposition profile of the fast particles waskig. 6. Time traces of two comparable pure deuterium

shifted to the edge by applying part of the hea@scharges #42590 and #42612. Both discharges have
similar NBI heating (~10MW), but high energy beams

ing power to the edge [24]. dominate in #42590.



3. EDGE TRANSPORT BARRIER WIDTH
3.1. Models

Different models for the width of the edge transport barrier have been proposed since the dis-
covery of the H-mode. The oldest one, which is related to the turbulence stabilisation by an
externally imposed radial electric field [7], assumes that the width of the edge transport barrier
(4na) is controlled by the ion orbit losses. It implies that the barrier wiggf, [+ € Cpg with

Pg being the poloidal ion Larmor radius. It was assumed in [5] that the transport barrier width is
controlled by the losses of the thermal ions. However, it was foundghahould be a few (3

to 5) ion banana orbit radii in order to match the pressure at the top of the edge transport barrier
with Ballooning stability criteria [25].

Another idea, which was discussed recently, is that the transport barrier width is control-
led by the radial correlation length of the turbulence itself [8-11]. This idea is actually two fold.
Firstly the radial correlation length is a reasonable measure for the turbulence suppression length
by itself. Secondly the radial correlation length is a good measure of the radial electric field
width which is self-induced by a nonlinear wave cascading. Three different expressions for the
radial coLeIation length have been proposagy = p; U pgi[5]; Acor = \ﬁ [9,10]; and
Agor = %/Piza[ll]

The next concept is the idea of the turbulence suppression by the finite ion Larmor radius
[12-14]. We can expect this mechanism to be effective in suppressing the short wavelength
turbulence with the characteristic radial correlation length of the order of the ion Larmor radius.

It was also suggested that the width of the transport barrier could be controlled by the
atomic physics processes such as the ionisation of cold neutrals [15]. The physics behind this
idea is that neutrals can act as an agent which takes the momentum from the ions and in this way
control the shear in the plasma rotation. If this is the case, we might expect the width of the
transport barrier to scale a8y, = \vﬁ/ng [{ove); o H0V)e,, Whereng [love).  is the rate of
the cold neutral ionisation ang [ov), is the rate of the charge exchange between neutrals
and ions.

The new experimental evidence from the JET hot-ion H-modes (Section 2.2) shows that in
some situations the transport barrier width could be controlled by the fast particles provided by
the neutral beams. Assuming that the width of the transport barrier is controlled by the orbit
losses of fast particles gives, =& Eb;aSt. For a typical 3.8MA/3.4T hot-ion plasma,

Dpar O+ epg = 0.63, T(KeV) . With a fast particle energy of 70 KeV (typical in the hot-ion H-
modes), the transport barrier width is estimated to be about 5 cm, which is consistent with the
experimental measurements [26].

3.2. Scaling of the barrier width

The direct determination of the edge transport barrier width requires simultaneous detailed meas-
urements of electron density, electron temperature, ion temperature ang phefiles. This



has proven very difficult on JET due to the steep gradients at the edge and inadequate spatial
resolution of the diagnostics for this purpose [26]. As an alternative approach we adopt a simpli-
fied method [10], based on the assumption that the onset of the type | ELMs is controlled by the
ballooning stability limit for the scaling of the edge barrier width using the measurements at the
top of the edge pedestal (R=3.75 m, or r/a ~ 0.9).

Assuming that the giant (type I) ELMs are triggered by the edge ballooning instability, we
can obtain the following expression for the critical pressure gradient [27]:
Op® = peo|ge‘3/Abar O Bq,z/Rq2 [p(s)where B, is toroidal magnetic field ang is the safety
factor. ¢ (s) depends on the magnetic shear and other details of the magnetic configuration within
the barrier. With the same magnetic configuration, the following simple relation for the critical
edge pressure is obtained:

pedgeC O Ip2 (D par

wherel, is plasma current.
If the width of the edge transport barrier is given by the poloidal Larmor radius of fast

ions, i.e.,Apgr D\/Mfast<Efast> Elp‘l, we then obtain:
CO M E u
Pedge” Y fast< fast> p

Assuming the edge transport barrier is controlled by the poloidal Larmor radius of the
thermal ions gives:

pedgeC O Mg Ty Op

whereMgy is the effective mass of the D-T isotopes at the edge.

Fig. 7 plots the experimental data against the fast particle scaling, i.e.,
Pedge” [ \foast<Efast> Op, whereMe.stand <Efast> represents mass and averaged energy of
D/T fast particles, together with the edge pressure values predicted by the ballooning instability
limit with the assumption thah,, =+/epg @%. The database includes the 10 MW D-T dis-
charges shown in Fig. 4, and also covers high power (up to 20MW) neutral beam heated dis-
charges, as well as both low power and high power combined NB and ICRF heated discharges.
The plasma current within the data set varies fignr 1.5—4.0MA. The magnetic configura-
tion for these discharges are the same, with the magnetic shear around 3.6 at 95% magnetic flux
surface. It appears that there is a rather good correlation between the edge pressure and the fast
ion Larmor radius, except in the discharge with lower tritium beam concentration (25%) where
the tritium fast particle concentration seems to be insufficient to affect the barrier width, as
discussed in Section 2.2. In fact, the scaling with the deuterium fast particle Larmor radius
renders it in line with other data (not shown). The experimental data not only show the trend of
the scaling of the Larmor radius of fast particles, but also have similar magnitudes compared to
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Fig. 7. Scaling of the edge transport barrier width withFig. 8. Scaling of the edge transport barrier width with
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ELM-free hot-ion H-modes including both low poweELM-free hot-ion H-modes. The dashed line indicates
and high power NB and combined heating (NB+ICRRhe edge pressure values expected from the ballooning
dlscharges.'The experlmental dgta are taken. at the_oirﬁ'stability limit with Ay = \‘;‘gpath_

set of the giant ELM which terminates the high fusion

performance. The dashed line indicates the edge pres-

sure values expected from the ballooning instability limit

With Apg =/epg L.

the estimate of the edge pressure values from the ballooning instability limit. It is worth while to
mention that the scaling shows a clgadependence of the edge pressure, which further con-
firms the dependence upgmy; .

For comparison, Fig. 8 shows the results with the assumption that the transport barrier
width is proportional to the Larmor radius of thermal ions, together with the model estimate of
the edge pressure values witl,, = ﬁpath. It appears that the strohgdependence remains,
but there is no clear trend withMg; T; at similar plasma currents (3.4-4MA). In addition, the
experimental edge pressures are much higher than the expectations from the ballooning instabil-
ity limit, as shown in the figure. The scaling of the edge pressure produces similar scatter assum-
ing the different dependence upon the thermal ion Larmor radius,Aibgr,:W or
DNpgr = %m which are predicted by the other models, as described in Section 3.1. In con-
trast, the model based on the atomic physics processes predicts lower pedestal pressure for the
D-T plasmas since the recycling tritium neutrals would penetrate less deeply into the plasma
before ionisation compared to deuterium neutrals, contrary to the experimental observations.
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4. LOSS POWER THROUGH THE TRANSPORT BARRIER
4.1. Neoclassical losses

Two main mechanisms of heat loss from the barrier region have been identified in Hot-ion H-
modes. The first one is related to the diffusive losses through the transport barrier and the
separatrix. The second one is attributed to the non diffusive losses of the hot-ions via their
charge exchange with the cold neutrals and subsequent escape from the confinement zone.

The diffusive losses are caused by the finite ion and electron thermal conductivity within
the transport barrier. It was proposed in [5,6] that the anomalous ion transport within the trans-
port barrier is completely suppressed in the Hot-ion H-mode so that ion heat flux is provided by
the ion neoclassical thermal conductivity:

g = - x0T, @)

Since the edge transport barrier is quite nan%\hﬂg/a << 1) we can make the following

substitution:n Ty = —(n;Tj Jeqge / Abar Which gives instead of Eqn. (1):

g = (nx ineOCITi Jedge ! Lbar 2)

It was assumed [7] that close to the separatrix (within the distance of the ion poloidal
Larmor radius), the ion conductive neoclassical heat flux is converted into the convective flux
produced by the direct ion losses. To ensure plasma ambipolarity we can assume that either the
electron anomalous transport is reduced to the level of the ion neoclassical transport, i.e.,
Xi = Xe =D = x;{"® [5,6,25], or the direct ion losses are compensated by the influx of cold ions
from outside the separatrix [7]. In the latter case the losses through the electron channel should
be significantly reduced with respect to the corresponding losses through the ion channel
(ge << ;). Due to limited experimental information, we cannot discriminate between these two
cases at present.

For the non diffusive channel of the energy losses - charge exchange between hot-ions and
cold neutrals, we can estimate the maximum charge exchange heat flux assuming 100% recy-
cling from the wall. In this case the influx of cold neutrals should be equal to the outgoing flux
of the ions. With the neo-classical transport barrier, the following expression for the particle flux
through the separatrix can be obtained:

neocl

COG/T edge = (NiXi ™ edge ! Dar 3)

where T ojgeis the ion temperature at the top of the transport barrier. To find the characteristic

heat flux produced by the charge exchange losses we should multiply Eqn. (3) by the character-
istic ion temperature within the region of the most intensive charge exchange interaction. The
numerical analysis [5] shows that this region is localised inside the transport barrier. Therefore,
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the charge exchange losses are qualitatively similar to the neoclassical losses through the trans-
port barrier @ ~ qj) but could have a slightly larger magnitude.

It follows from the above analysis that the total heat flux through the separatrix (loss
power): Bosst™ = ¢ + e + ey [ G, Which is given by Eqn. (2). Assuming tiAay,, is control-
led by the Larmor radius of the fast ions, we obtain the following expression for the loss power:

Ross"™ 0 r‘edgezzel‘f edgel p_1 \TI ITEfast U

provided that the fast ions have the same isotopic composition as the thermal plasma ions.
(E¢a4 LIS the average energy of fast particles including both deuterium and tritium fast ions.
Nedge @Nd Zgit edgedre the density andgy at the edge respectively. Alternatively, with an as-
sumption thatAp, is controlled by the Larmor radius of the thermal ions, we then obtain:

Ross™* O r‘edgezzeff edgelp
4.2. Loss power in D-D and D-T

The power loss through the separatrix is determined by subtracting the radiation inside the
separatrix § 54 core) @nd the change in the content of thermal enedyy{/dt) from the total

heating power absorbed by the thermal plasfd), i.e., Ross”™™ = R — dW, /dt — Brag cores

where an is computed by TRANSP, including Ohmic heating, the total thermal heating from
the ICRF and the neutral beams (taking account of orbit losses, beam shine through and charge
exchange losses), as well as the heating of the thermal plasma by rotation friction. In addition,
the heating from the alpha particles is included 15fPU'Se No: 40346 (D-D) -~ Pulse No: 42677 (D-T)

for the D-T dischargesWis also obtained

from TRANSP analysish 4 corelS measured

by the bolometers.

Fig. 9 plots the loss poweiRy",
against the predictions from the neoclassicaé
models for two of the best fusion performancgaé
hot-ion H-modes, i.e., #40346 and #42677, i
MKIl with the neutral beam heating only with

p =3.8MAand By =3.4T. #40346 is in pure

10~

D-D with ~ 19MW of NB heating, while the e

D-T discharge (~50%-50% D-T) has a higher el
fast particle energy from the tritium beams, and | | | ‘ ‘ e
hence has higher neutral beam heating power ’ ’ (13019 _3)42 (T5,<E juz !

edge edge fast

(~23MW) with a larger population in the highy, o & ¢ the b.p (#40346) and D-T (#42677)

energy beam box. The experimental data &i@charges against the predictions from the neoclassi-
taken from the ELM-free period in the dis<cal models assuming the edge transport barrier width is

charges. It abpears that there is a rather OD qﬁortional to the Larmor radius of fast particles, to-
9 PP 9% er with the predictions from the JETTO code.
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correlation betweerRy"* and nedgezzeff,edge,\ﬁ'ﬁ IlE¢,¢ Oas predicted by the neoclassical

model based on the assumption that the transport barrier width is proportional to the Larmor
radius of fast ions. In addition, Fig. 9 shows the loss power calculated by the fully predictive
JETTO code [5] for the D-T pulse, including the neoclassical and charge exchange losses, to
compare with the experimental scaling. As can be seen, the code predicts not only the depend-
ence of the power losses on the edge plasma parameters but also gives quantitative agreement
with the experimental results. For this case, the charge exchange loss is about the same as the
neoclassical losses.

Since D-T discharges appear to have a larger edge transport barrier width than that in D-D,
we might expect that the energy content of D-T plasmas should rise faster because of the smaller
neoclassical and charge exchange losses. Combining this with the better ballooning stability at
the edge, we might therefore expect higher performance in a D-T plasma than in its D-D coun-
terpart. In fact similar levels of performances are delivered in the D-D and D-T hot-ion modes.
The detailed analysis of this surprising result must involve the core transport and lies outside the
scope of this paper. Here we limit ourselves with some qualitative assessments. One possible
explanation is as follows. If the core transport were controlled by a combination of a gyro-Bohm
( Xgyro-Bohm U \/m ) and a Bohm typeXgonm U m©) of turbulence as it was proposed in the
JET model [5,6], then the transport in the central part of the plasma would be dominated by the
Xgyro—Bohm, Which is stronger in D-T mixture, offsetting the pedestal effect. This would thus
degrade the core confinement. In addition, it is observed in the experiments that, in general, the
edge density rises faster in D-T, which could therefore result in a faster increase in the edge
losses. Apart from the core confinement degradation, the possible difference in the edge recy-
cling between the deuterium and tritium neutrals could also be responsible for the higher edge
density in D-T. In particular, the cold neutrals which are always present in the edge are much
more localised near the separatrix in the case of a tritium plasma than a deuterium plasma, which
might therefore lead to a relative increase in the edge plasma density in the T-enriched plasma.
In addition, the tritium beams can produce broader power and particle deposition profiles than
the deuterium neutral beams, but the TRANSP analysis shows that the differences are actually
very small.

5. COMPARISON BETWEEN MKI AND MKII

5.1 Impurity behaviour

As demonstrated above, the power losses through the separatrix are explicitly dependent on the
Z.sat the edge. The impurity concentration within the edge transport barrier inside the separatrix
is determined by the impurity sources and the transport of the impurities through the SOL. The
divertor impurity sources in the Mkl and MKII divertors, are compared in Fig. 10, where the
averageClll photon flux is plotted against tiiy intensity from the outer strike zones for the
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hot-ion H-modes during the ELM-free phase. As can be see@]lthiatensity is about a factor

of 2 higher in the MklI divertor than that in the Mkl divertor for a gigpflux. TheClll and

Dg emissions from the inner divertor show similar results. It is to be noted that the electron
temperature and density at the target plate are very similar for Mkl and MkII hot-ion discharges
at the strike points, as measured by the target Langmuir probes. Therefore, th€hiihgr

ratio suggests an increased impurity production yield at the Mkl divertor target. The best expla-
nation for the higher yield is that the chemical sputtering yield is increased due to the higher
target temperature of the MKII divertor[17]. Specific experiments with lower wall temperature
in MKIl support this explanation [28].

Contrary to the high recycling regime [29,30], the divertor/SOL screening for the impuri-
ties is poor in the low recycling hot-ion regime [17]. Consequently, the higher impurity flux
produced in the MkII divertor results in a significant increase irZthat the edge, upstream
from the target, compared to Mkl, as illustrated in Fig. 11, where the medsgméthe edge is
plotted against the density at the edge for the pulses of Fig.10. Analysis of the highest perform-
ance discharges with the EDGE2D/NIMBUS [31] codes shows [17] the hifjeat the edge
observed in the MKII divertor, compared to that in Mkl, taking into account the change in the
chemical sputtering yield with the different base temperatures of the MC)4hd MKl
(27C°C) divertors.
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A systematic increase in the power losses 157—Pu|se No: 33643 (MKkl) —=~Pulse No: 40346 (MKIT)
has been observed between Mkl and Mkl hot-
ion H-modes. In particular, Fig. 12 compare
the loss power ang cqqefor #40346 (MKII)
with those for the Mkl D-D hot-ion H-mode, i
#33643. Pulse 33643 delivered the highest fu- s+
sion performance in the Mkl campaign with

£
~ 10
x 0

88

o

similar NB heating power compared to the *° )
MKII pulse. As can be seen, the loss power in | T

the MKII hot-ion mode is significantly higher, 2% ___ .- -

edge

at a given edge density, than that in the MkN
pulse, and correlates with a high&g at the
edge.

1.5+

1.0 | | ! | I
1.8 2.0 2.2 2.4 2.6 2.8

Negge (101 M)
The rate of rise of the edge density is depenHig. 12. Comparison of loss power ang; &t the edge

ent on the recycling of neutrals from the maiHetween #40346 (MKII) and #33643 (Mkl), which have
. . . similar NB heating (~20MW).
chamber and the divertor, in addition to the

particle transport from the confined plasma
core. It has been demonstrated in [3] that for
hot-ion H-modes with the MKl divertor, theg
minimum recycling condition is essential foré
maximising the ELM-free period and improv-

ing the fusion performance. However, in going
from MKI to the more closed Mkl divertor the

pressure of neutrals in the divertor increase:E
by a factor of two and hence increase pumping
This strong divertor pumping has reduced the
need for extensive conditioning for access to L S
the hot-ion regime and increased the reproduc- 0 e Tlnzni © e =

ibility of the performance achieved [4]. HOWFig. 13. Comparison of the neutral pressure in the

ever, the plasma density rise during the ELNMubdivertor (and thus pumping speeds) and the density
§/olution for two ELM-free hot-ion H-modes in Mkl

free phase is reduced hown in Fig. 1;
ree phase Is reduced, as shown in FIg. 12g3643) and mkil (#38093) divertors. The two dis-
where the divertor neutral pressure and the edtyarges have similar NB particle sources and gas fuel-

density are compared between the dischargdd:

in MKI (#33643) and MkII (#38093) with similar NB particle source and gas fuelling. Conse-
guently, additional gas fuelling has to be used to raise the central plasma density and reduce the
beam shine through losses. In addition, it was found that the gas puff/bleed could reduge the

© JG98.679/4c

w

5.2 Effect of edge recycling

O JG98.679/5¢
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and delay the core MHD in some discharges [22]. However, inevitably, the gas fuelling also
increases the edge density.

Apart from the higheEZg at the edge, as described in Section 5.1, the higher edge density
is also responsible for the higher loss power observed in Mkll. To illustrate this, we have se-
lected the data close to the peak performance from the best of Mkl and MkIl NB and ICRF
heated discharges, including both D-D and D-T hot-ion H-modes analysed by TRANSP. Fig. 14
plots the loss poweR,°* computed by TRANSP as a function of the edge density. As can be
seen, the loss power is clearly higher in MKIl and is correlated with a higher edge density, except
#38093 which has a lower edge density than the Mkl discharge (#33643). Note that at similar
edge densities, the loss power is also higher in Mkll due to the HigheX plot of Ry
againstnedgezzeﬁ,edgel p'l J'I’i /TE 54 Lbrings both the Mkl and MkII data together and shows
a good agreement with the neoclassical prediction, as illustrated in Fig. 15. This further con-
firms that the heat transport within the transport barrier is controlled by neoclassical transport
processes and the loss power is dependent on the local plasma parameters at the edge transport
barrier.
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Fig. 14. Ross"™ againstngyge for the high performance Fig. 15. Ros"™against ngdge Zgit edge |p
hot-ion H-modes from Mkl and MKII. The data are taken\‘s‘"ri /{Etag) for the high performance hot-ion H-modes
close to the peak performance. from Mkl and MKII.

It should be mentioned that Fig. 15 only shows a few of the best hot-ion discharges be-
cause TRANSP analysis can only be carried out for a limited number of cases. However, a
survey of large numbers of hot-ion discharges using a rough estimation for the loss power
(P\Bi ~ Pshine-through ~ Weia / dt — Rad core) Supports the above findings [17].
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6. SUMMARY AND CONCLUSIONS

Isotopic effects on the edge transport barrier have clearly been demonstrated for hot-ion H-
modes on JET. D-T discharges have a higher edge pressure, immediately prior to the giant ELM
which terminates the high performance phase, than seen in D-D hot-ion H-modes. The edge
pressure increases more rapidly in D-T, due to additional heating from alpha particles, so result-
ing in an ELM-free period similar to that in the D-D cases.

The role of the fast particles has been elucidated by hot-ion H-mode discharges where the
fast tritium particles are injected into the deuterium background plasma. These discharges at-
tained a similar level of edge pressures, just prior to the terminating giant ELM, as tritium-rich
discharges, except for a case with low tritium beam composition (25%). This suggests that a
sufficient concentration of fast particles at the edge could affect the transport barrier. Additional
evidence comes from pure deuterium discharges with differing fast particle energy. Higher edge
pressure and longer ELM-free periods are produced with higher deuterium fast particle energy.
Scaling for the width of the transport barrier shows that the best agreement with the experimen-
tal data is obtained assuming that the edge transport barrier width is given by a banana width of
the fast particles.

Data from the hot-ion H-modes from both the Mkl and the MkII divertor campaign show
that loss power through the edge transport barrier scales as:
Ross J nedgezzeﬁ,edgelp_l\/-ri IlE¢aq O as predicted by the neoclassical theory based on the
width scaling of the fast particles. The carbon sources from the Mkl divertor are about a factor
of 2 higher than those in the Mkl divertor. This results in a significant increZsgatthe edge
in MkII for the hot-ion H-modes, where the divertor shielding for impurities is poor, leading to
the higher loss power in MKkIl. In addition, with the more closed MkIl divertor, the divertor
pumping for the recycling neutrals is strong and the central plasma density rise is slow so that
additional gas fuelling is necessary to optimise the fusion performance. However, the gas fuel-
ling also increases the edge plasma density, thus aggravating the power losses in MKII.
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