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ABSTRACT

Trace amounts of tritium gas have been injected in short puffs into JET ELMy H-modes with a
wide range of deuterium gas-fuelling rates. Analysis of the subsequent time evolution of the
neutron profile and extraction of the particle transport coefficients have allowed us to distin-
guish between broad classes of mechanism which have been suggested as explanations for the
H-mode density limit. The high penetration probabilii2%) and rapid transpofiig ) of fuel

ilons are shown to be only weakly influenced by strong gas fuelling - hence mixture control is
possible even when the total electron content is clamped.
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2.  Particle transport degrades in proportion to the rise in ionisation sources. The saturation is
then caused by higher losses at higher fuelling rates.

3.  Separatrix density saturates with fuelling rate as a result of detachment in the SOL [4]. If
there is also a fairly rigid relationship between separatrix and pedestal density then satura-
tion of the separatrix density implies clamping of the core density.

Short puffs of tritium were used as test particles during a deuterium fuelling scan. Tritons
are ideal test particles since they are very similar to the principal plasma species, yet their progress
through the plasma can be monitored using neutron detectors. We present an analysis of these
discharges which allows us to identify which the degree to which each of the three broad classes
of mechanism are responsible for density clamping in H-mode.
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2. TRACE TRITIUM EXPERIMENT AND ANALYSIS

Trace amounts of tritium (1%-2% of the deu-
terium content) were introduced in short puffs
(~40 ms) into the low field mid-plane edge of
the steady state phase of deuterium plasmas;
(Fig. 2). The transport properties of the edge
and core plasma, and the dynamic tritium rez
cycling, determine the evolution in space anu
time of the 14 MeV neutron emission follow-
ing these puffs. The horizontal camera of the -1
JET neutron profile monitor [5] measured the
line integral and total neutron emission along -
10 independent chords (Fig. 2). R (m)

Using the neutron data and its known statistgig. 2: viewing geometry of the neutron profile monitor
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ment errors, the triton transport coefficients arifi the pulses of Fig. 1. The five shaded regions corre-

their confidence intervals were computed fror‘?rf;;::l:; the independent zones where the transport is

a least squares fit of model parameters to

the chordal data [6]. The analysis uses/aD transport code with diffusive and convective
terms (SANCO), and a model which describes the time dependent isotope exchange between
the plasma and the wall][ The main contribution to the 2.5 MeV and 14 MeV neutron reactiv-

ity for these experiments was the beam-thermal reaction. The fast particle deposition profile was
obtained from the self-consistent beam deposition code CHEAP (CHarge Exchange Analysis
Package) [8].

The 2.5 MeV profiles predicted by both CHEAP and TRANSP are much higher in the
edge than was observed in the experiment, indicating that neither code correctly calculated the
fast particle profile. In each case analysed, a correction has been applied to the fast particle
profile to reconcile the predicted 2.5 MeV profile with the measurement [9].

2.1. lon transport

The 1/,-D impurity transport code SANCO (Stand Alone Non-COrona) developed at JET has
been modified to treat trace amounts of tritium. SANCO solves the continuity equation, aver-
aged over magnetic flux surfaces and using diffusive and convective (pinch) contributions to the
cross-field particle transport [10]. Since discharges were in steady-state, the diffusion coeffi-
cientD and convection velocitywere time independent (ELM and sawtooth averaged) and that
only the sinks; and sourceQ; were time dependerid andv were determined in five inde-
pendent zones (Fig. 2). However, becaus@as found to be zero within the error bars for zones
1-4, it was set to zero in all zones to minimise the scatter in the fitted valDes of
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Outside the last closed flux surface (LCFS) there is a siplks, =nr o /7). Parallel
confinement timeg |, is taken as fixed parameter in SANGIL¢0.05 m$with the error propa-
gated through the solution. This parameter determines the separatrix triton density which cannot
be directly measured. In the outermost zone the pinch velocity and diffusivity are interchange-
able and the absolute value is determined by the width assigned to the zone and by the tritium
density assumed in the SOL model.

2.2 Tritium fraction of the neutral influx

The 14MeV neutron signals several seconds after the puff are higher than before the puff. This
can be explained by an increase in the tritium content of the wall following the tritium gas puff.
In the simulations presented here, it is assumed that immediately after the gas-puff the tritium
influx from the walls steps up to a level consistent with the new steady state plasma tritium
content several seconds later. From our analysis of the neutron data we know that 18%-26% of
the injected tritium can be found in the main plasma shortly after the tritium gas puff. The
tritium which does not immediately enter the plasma will be rapidly returned to the wall, thus
increasing the wall tritium concentration. A more complex dynamic wall model [7] was tested in

a parameterised form in conjunction with the SANCO/CHEAP analysis but has been dropped in
favour of the simpler assumption because the quality of the fit was found to be relatively insen-
sitive to the details of the recycling model.

3. RESULTS
Fig. 3 shows the fit between the SANCO/  pyise no: 42529

CHEAP model and the chordal neutron data. 2f "™%% /., #7

It is the dynamic behaviour of the triton pro- 1M

file such as the initial rise and decay which are " azoss x #1 Z’
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determines the pinch parameters.

3.1 Transport degradation

The energy confinement time decreases b§20f
35% with fuelling rate (Table 1) and then satu-o.10r
rates in contrast to the deuterium fuelling effi- o=
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ciency @lp,/ AN) which goes almost to zero. Time (s)

Normalised triton contentn; plasma/ Ny puﬁ)’ Fig. 3: Time depen.dence of out.e.r neutron proﬂlg moni-
' ' tor channels following a short tritium gas puff. Lines of

which could be regarded as afuelling eﬁlmen%{ght for these channels are shown in Fig. 2. The solid

for tritium, shows a similar modest decreasges are the fit achieved by the SANCO/CHEAP code
with deuterium fuelling rate as (Fig. 4). (overall x* = 1.37).
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D, fuelling rate, I, (x 10 ,es") 0 0.6 |[1.3 (19 (25

Mid-plane neutral pressure (x 10-°bar) 6.6 |11 (19 28 |37
Total electron content, N (x 10%) 36 |43 |44 |50 (5.0
Energy confinement time, T.(s) 041 [0.34 |0.27 [0.27 |0.26
Pedestal density, n_, (x 10°°m?) 40 |45 |46 |52 |50

Separatrix density n (x10®m3), D = detached |3.2 |45 |45 |D D

s,0SM

Table 1: Energy confinement time, plasma densities and mid-plane neutral pressure vs. external gas fuelling rate.
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Fig. 4: Normalised triton content (background Fig. 5: Response of total electron contirin L and H-

subtracted) vs. time for the deuterium fuelling scamode plasmas to trace tritium gas-puffs. Solid curves

(Fig. 1). show increase which is expected from the jump in total
triton contentN; as measured by the neutron diagnos-
tics.

In L-modes, short tritium puffs produced an increment in total electron content consistent
with the increase in triton content measured by the neutron detectors. A similar fraction of the
injected tritium is detected inside the plasma in H-mode but in this case the electron density does
not respond (Fig. 5).

The fitted triton particle diffusivity is independent of fuelling rate out to a radiua of
0.55(Fig. 6) and the pinch term is zero. In this region the plasma electron density profiles are
slightly peaked [Fig. 7(a)] by an amount which seems consistent with the neutral beam patrticle
source G DlOle'l). This central source is absent with RF heating and the density profiles are
much flatter [Fig. 7(b)].
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Fig. 6: Diffusivity vs. fuelling rate for the fuelling scanFig. 7: (a) Density profiles for the fuelling scan of Fig. 1
of Fig. 1. The radial extent of each independent transnd (b) the much flatter density profiles obtained in a
port zone is indicated in Fig. 2. fuelling scan with RF heating.

In a purely diffusive model, the density pedestal would be a consequence of a balance
between ionisation sources inside the separatrix at the ionisationZjiegtial radial diffusion
out to the SOL. EDGE2D/NIMBUS simulation of pulse 42529 (see Fig. 1) shows that the ioni-
sation source inside the separatriK[iia<1021 m>s which is three times the neutral beam fuel-
ling rate but with an initial decay length of 1 cm. A balance between the ionisation source inside
the separatrixS,, and cross field diffusior, increases the density from the separatixto
the pedestahyeg bY: npeq —ns = §,4;,/(AD), whereA is the plasma surface area.

Both the divertor and main chamber neutral pressur®gndtensity increase with deu-
terium fuelling rate by a factor 5-10 (Table 1). Assuming a corresponding increase in the main
plasma ionisation sour&; then the observed density rise of 25% would require at least a factor
4 increase in edge diffusivity.

The transport analysis indicates that when the deuterium fuelling rate is increased there is
no change in particle diffusivity (or alternatively the inward pinch) in the pedestal region which
contribute§65% to the central density and no change in the penetration probability for tritons.
However, there are two caveats: 1) our calculations effectively assume that the separatrix triton
density is small compared to the main plasma and that this situation does not change with fuel-
ling rate (see next section) and 2) that the width of the tritium density pedestal does not depend
on fuelling rate.

In the outer half of the plasm@.95 > r/a >0.55)which contribute$20% to the central
density the diffusivity roughly doubles with a dependence on fuelling rate similar to thalrof
the inner half of the plasmad < 0.55 which contribute§115% to the central density (in NBI
heated discharges) there is no change in the transport.
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3.2 lon fuelling and SOL behaviour

Analysis of the separatrix electron dengity,sy for the fuelling scan of Fig. 1 has been carried

out using the “Onion-Skin” method (OSM) [12] (Table 1). One dimensional solutions are com-
puted for each flux tube with the divertor Langmuir probe data used as the boundary condition
[13]. It is applicable to inter-ELM periods where the plasma is attached.

The separatrix electron density increases for the first fuelling step and then saturates at a
value close to that of the pedestal [12]. At a fuelling rate of I es’ the plasma detaches
strongly between ELMs and the OSM is no longer applicable.

The OSM results suggest that in the trace tritium experiments the separatrix density was
close to the pedestal density and hence the major contributor to the total plasma electron. If the
separatrix triton density behaves in a similar way then it invalidates the assumption of low
separatrix density used in the trace tritium analysis and implies a degradation of pedestal diffu-
sivity with deuterium fuelling rate, or diminishing penetration depth for neutrals.

4. DISCUSSION AND CONCLUSIONS

In contrast to L-mode plasmas it is clear that the H-mode electron density is strongly clamped.
The trace tritium results show that this is not due to a failure of the ions produced by gas-fuelling
to penetrate the main plasma. At the same time the transport analysis shows that while there is
some particle transport degradation in the outer half of the plasma, proportional to the degrada-
tion in global energy confinement time, it cannot explain the density saturation. This is not only
because the changes do not appear to be large enough or have the right dependence with fuelling
rate but also because the most significant contribution to the total electron content comes from
the pedestal region. The lack of a diagnostic for tritium at trace concentrations in the SOL means
that the transport analysis cannot tell us anything definitive about transport in the pedestal.
However, we have used the Onion Skin Method to study the relationship between the separatrix
and pedestal electron densities. This shows that the density pedestal rapidly disappears as the
deuterium fuelling rate rises until the dominant contribution to the main plasma density comes
from the separatrix. Hence degradation of edge particle transport or reduced ionisation depth
may play a role but the ultimate clamping of the total electron content seems to result from
saturation of the separatrix density. Detachment between ELMs is observed in this condition
and lends general support to idea that the ultimate cause of density saturation lies in SOL phys-
ics [4]. However, the results do not confirm or deny any specific model for this process.

The trace tritium transport analysis represents an average over ELMs and sawteeth. It
seems likely that ELMs are somehow involved in the process of density saturation. lbusome
not all cases the tritium puff provokes transient changes in ELM behaviour.
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In contrast to the edge region, the inner half of the plasma appears to be dominated by
diffusive transport with the density peaking being a result of central fuelling with neutral beam
particle sources. Central fuelling thus appears to be an effective way to raise the central density
in H-mode.

The H-mode density limit and the low fuelling efficiency which it implies is a concern for
edge fuelled tritium in ITER. However, JET trace tritium results show that tritons produced by
gas fuelling penetrate with high efficiency. In addition, the tritium reaches the core in a time
comparable with energy confinement time. Hence active DT mixture control should be possible
by gas fuelling in ELMy H-modes even though the total plasma electron content is clamped by
processes which are still not understood.
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