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ABSTRACT

Tritium transport in Edge L ocalized Mode (ELMYy) high confinement (H-mode) plasmasisanalysed
here as a function of density for discharges from the recent trace tritium experimental campaign
performed on Joint European Torus. In this campaign small amounts of tritium have been puffed or
injected (with neutral beam injectors) into deuterium plasmas|[8]. Information about the tritium has
been obtained from the evolution of the profiles of neutron emission ssimulated viathe TRANSP
[16] and SANCO [17] codes. A strong inverse correlation of tritium transport with plasma density
is found in this analysis. The low tritium transport at high density is close to neoclassical values
while the transport becomes strongly anomalous in low density plasmas. The thermal transport
does not exhibit such a strong density dependence, leading to a varying ratio of thermal to tritium
transport in these pulses. An interpretation of the density effects on the trace tritium transport,
partially based on thetest particle simulationsin plasmaswith stochastic magnetic field, is proposed.
A simple model for the tritium diffusion coefficient and convective velocity, which includes the
modification of the neoclassical particle diffusion in presence of electromagnetic turbulence [14]
completed with an empirica density dependence, isdevel oped. Thismodel has positive B-dependence
in agreement with the results of the similarity experiments performed for trace tritium transport.

[.INTRODUCTION

Particle transport is a key issue for experimental tokamak scenarios where the density control is
important (e.g. the high density operation with dual deuterium and impurity feedback control on
Joint European Torus (JET) [1] or the long pulse operation on Tore Supra [2]). The peculiarity of
particle transport, as compared to thermal energy transport, is the comparable conductive and
convectivefluxes, whose separate values (i.e., diffusion and convective vel ocity) cannot be derived
from the steady-state particle balance equation. The conventional approach to particle transport
includes perturbative experiments (modul ated gas puff, pellet injection) and the analysis of naturally
occurring plasma perturbations (low to high confinement (L-H) transition, sawtooth crashes, etc.)
where the particle diffusion coefficient and convective velocity can be separated.

Modulation experiments with the deuterium (D) gas puff in deuterium plasmas have been
performed in a number of machines [3-9]. The most important result of these experiments is the
existence of a strong anomalous pinch at the plasma edge in the ohmic and low confinement (L-mode)
regime, and the scaling of particle transport with plasma parameters. It was found that the particle
diffusion increases with the edge safety factor q (or aternatively reduces with poloidal magnetic
field and plasma current) [3,4,6], reduces with plasma density [3,5,6] and increases with electron
temperature [4]. The particle pinch has a scaling similar to that of diffusion coefficient [3, 4]
suggesting similar physical mechanism driving the conductive and convective anomal ous flux.

The experiments with tritium gas puff into deuterium plasmas performed at JET [7-9] showed a
similar scaling of tritium transport with plasma parameters. The strong inverse correlation of the
tritium diffusion coefficient with plasma density was found in the high confinement (H-mode)



plasmas[10] and confirmed for other scenarios (hybrid scenario, discharges with internal transport
barrier (ITB)) [8]. The strong dependence of tritium diffusion on the edge safety factor was also
observed [8]. In terms of dimensionless scaling, the gyro-Bohm scaling of trace tritium in the core
and Bohm-like scaling at the edge have been found in the H-mode JET plasmas [7]. The tritium
diffusion and convective velocity have similar scalings with the plasma parameters [8] to those
found for deuterium transport [4]. Thetritium diffusion reducesin the region of thetransport barrier
produced by reversed shear [8] similar to results with enhanced reversed shear in Tokamak Fusion
Test Reactor (TFTR) [11].

The inverse correlation of the tritium and deuterium diffusion coefficients with plasma density
is one of the common observations of the experiments mentioned above. This paper isfocused on
the detailed transport analysis of the trace tritium discharges from the recent experimental campaign
on JET wherethe density effect on trace tritium transport has al so been observed [ 10]. The objective
of this analysis in addition to the experimental illustration of the correlation between the tritium
transport and plasma density, is the comparison of the density effect on the energy and tritium
transport and theidentification of the physical mechanismswhich could explain the observed density
effect. The predictive modelling of the trace tritium discharges with theory-based modelsis used
for theidentification of the physical mechanisms. First, the Multi-Mode Model (MMM) [12] based
on the electrostatic turbulence, which computesthe full matrix of transport coefficients and separates
the diffusive and convective fluxes has been tested. It was found that the MMM model fails to
explain the density effect on tritium transport, over-predicting the diffusion at high density by an
order of magnitude and under-predicting it at low density. However, the thermal ion and electron
transport is well reproduced with the MMM model in the same discharges. Thus, the predictive
modelling showsthat in high density plasmaswherethetracetritium transport isnearly neoclassical,
the thermal transport is strongly anomalous and in agreement with the drift mode driven transport
in its quasi-linear approximation. The transition of the tritium transport from neoclassical to
anomalousisinvestigated by predictive modelling assuming the el ectromagnetic turbulence-driven
trace particle transport and in particular taking into account the modification of the neoclassical
transport in stochastic magnetic fields [13, 14]. A simple model for tritium transport coefficients
based on the test particle smulations [14] which also includes an empirical density dependence
matching the tritium transport at high and medium density is developed, and tested over a broader
density range. This model has positive B-dependence, confirming the results of the similarity
experiments performed for trace tritium transport [15].

This paper is organised as follows. First, the experimental scenarios with tritium gas puff, and
thediagnosticsused to follow thetritium evol ution will be described (Section 2). Thetritium transport
coefficientsin plasmaswith different density obtained in the interpretative analysis performed with
TRANSP code [16] and with the combination of TRANSP code and SANCO code [17] will be
presented in Section 3. The predictive modelling of the trace tritium dischargesis shownin Section
4, the results are summarized in the final section



2. EXPERIMENTAL SCENARIO WITH TRITIUM GASPUFF

Tritium gas puff experiments analysed here have been performed in deuterium H-mode plasmas
with Edge Localised Modes (ELMs) heated by deuterium Neutral Beam Injection (NBI). The
parameters of three dischargeswith strongly different density selected for the more detailed analysis
with the TRANSP code are givenin Table 1. The NBI power in these discharges varied from 2.3 to
13.6MW. The deuterium gas puff is increased from zero at low power to 4.4x10% dectrons per
second at high power. Asaresult, the plasmadensity variesfromn, = 2.4x101°m3t09.5x10% m™
8 (here, n isthe central line averaged density obtained with the Thomson scattering diagnostics).
The magnetic field and plasma current are dightly different in these discharges (By,, = 1.9 —-2.25T -
Iy =2-2.5MA (Table 1)), but the safety factor profiles are similar. Pulse No: 61132 and 61097 are
performed at low triangularity d, = 0.18 —0.19 and d,, = 0.22 — 0.26 (here d, and d,, are low and
upper triangularity correspondingly) and the high density discharge has high triangularity (d, =
0.37, d, = 0.44). The difference in the electron and ion temperature in these discharges is less than
25%. Thus, the parameter displaying the most strong variation is the plasma density, which varies by
factor 4. The scenarios of these discharges and the electron density profiles during the Tritium (T>)
gas puff are shown in Fig.1.

TheT, gasispuffed for 80msfrom thelow field side during the stationary phase of the discharge.
Theamount of puffed tritium isabout 6mg, which provides|essthen 5% of thetritium concentration.
Since the direct measurement of the tritium density is not available, the trace tritium is detected by
measuring the 14MeV neutrons produced in the deuterium-tritium (DT) reaction. The neutron
measurementsare performed along the 10 horizontal and 9 vertical chords using the neutron profile
monitor with 10mstime resolution [18]. In addition, thetotal DT neutron yield is measured by two
different detectors and compared with the neutron yield integrated over the chords. The chords of
measurements cover the plasmaregion from the plasmacentre to 0.82 of minor radius (the lines of
sight of the neutron monitor are shown in Fig.2).

The neutron yield of the DT reaction depends not only on the tritium content, but also on theion
temperature T; and deuterium concentration. The bulk deuterium density nj is estimated from the
measurements of the electron density n, and effective charge of plasmaZ; whilethefast deuterium
density is calculated by TRANSP. The ion temperature and Z profile in trace tritium discharges
have been measured using the Charge-eX change (CX) spectroscopy with 50ms time resolution.
Up to 50 channels of the Thomson scattering diagnostics, with 250ms time resol ution, are used
for the measurements of electron density and temperature (T,) profiles. Since the low density
Pulse No: 61132 analysed here exhibits strong sawtooth activity, the Electron Cyclotron Emission
(ECE) measurements of electron temperature with 0.4ms time resolution have been used for this
discharge to resolve the T, evolution during the sawtooth crashes. The plasma profiles obtained
with these diagnosticsare cons stent with other measurements such astheloop voltage, total DD neutron
yield before and after the tritium puff and diamagnetic energy where the fast particle content calculated
with TRANSPis added to the therma energy content estimated with the measured plasma profiles.



3. INTERPRETATIVE ANALYSISOF TRACE TRITIUM TRANSPORT

The conventional approach to the analysis of perturbative experimentsincludes three steps. (i) the
choice of the parameterisation for theradia profile of particletransport coefficients, (ii) the estimation
of particle sources and the solution of the particle balance equation with parameterised transport
coefficientsand (iii) the adjustment of the parameters determining the shape of these coefficientsto
match the available experimental data[3 - 8]. Usually a simple piece-wise parametrisation for the
particle diffusion and convective velocity is applied, which includes the constant valuesin certain
plasma regions with a linear interpolation between these regions providing the continuous radial
dependence [3-8]. Such parameterisation is limited in many studies by two or three regions with
constant value for diffusion and convective velocity where these coefficients can be considered as
an averaged transport. Inthe TRANSP simulations of trace tritium dischargeswe assume aradially
constant or piece-wise diffusion coefficient, but the shape of the convective velocity is not
parametrised and is calculated at each radial grid point as described below. Thus, the poor
parametrisation of the diffusion coefficients is improved by the local estimation of the particle
convection. The tritium convective velocity is estimated from the sum of the continuity equations
for deuterium and tritium which includes the NBI and wall recycling source of deuterium, the gas
puff and recycling tritium source and the imposed deuterium and tritium diffusion. Thisequationis
solved self-consistently with the quasi-neutrality constraint. Since the tritium is present in the
negligible amount, the quasi-neutrality condition determines mainly the deuterium density taking
into account experimental value of Z and electron density while the continuity equation summed over
all the species determines the convective velocity. Then, the tritium density evolution is Ssmulated with
its continuity equation using prescribed diffusion coefficient and calculated convective velocity.

The estimation of the tritium source is an important issue of this analysis. The tritium ionsin
these discharges are produced through theionization of puffed tritium neutralsand recycled neutrals.
The puffed and recycled neutrals exhibit primary ionization and multiple charge exchange with
thermal and fast deuterium penetrating deeper in plasma and being ionised there. These primary
and secondary atomic processes are simulated using the FRANTIC code [19] built into TRANSP.
Theinflux of puffed tritium neutrals through the Last Closed Flux Surface (LCFS) is estimated by
taking into account thetotal amount of injected tritium and the time evol ution of thetritium emission
at 656.04nm (T,) measured along the line-of-sight looking at the valve. The temporal shape of the
tritiuminflux isestimated from the shape of the T, emission re-normalised to providethe penetration
of all injected tritium through the LCFS. In principle, all tritium neutrals puffed into the Scrape-
Off-Layer (SOL) do not necessarily penetrate through the LCFS, they fill the SOL and divertor
region and may stay there. Thus, the tritium influx through the separatrix is a free parameter of
these simul ations. However, thetransport coefficientsinsider/a < 0.8 (herer = % a= Ppoundary -
@ isthetoroidal flux) depend on the tritium influx into thisregion (i.e. theregioninside r/a = 0.8)
rather than the tritium influx through the separatrix. The influx into r/a = 0.8 aswell asthe tritium
transport coefficientsinsider/a < 0.8 are adjusted to match the neutron data. The influx adjustments



isperformed in TRANSP by choosing the transport at r/a> 0.8 to provide the sametritium flux into
theregionr/a< 0.8 evenif thetritium flux through the separatrix is different. Namely, the too large
tritium influx through the LCFS is reduced by the large outward convection at the periphery in
TRANSP simulations while the small influx isamplified by the inward convection. Sincethere are
no neutron measurements at the plasma periphery the transport in thisregion and the influx through
the LCFS cannot be experimentally validated.

The wall recycling is also important for the estimation of tritium transport coefficients and
confinement time. To reduce the uncertainty in the choice of transport and recycling each discharge
with the tritium gas puff has been accompanied by a discharge with the same parameters, but with
ashort (up to 150ms) and low power (IMW) application of tritium NBI fuelling replacing the gas
puff. In the discharges with NBI fuelling the recycling source is less important as compared to the
central tritium source. The paired discharges with tritium beam and gas puff have been analysed
together and the tritium diffusion coefficients and recycling have been adjusted to match the evol ution
of puffed tritium aswell asthe decay of the thermalised tritium in the partner discharges with beam
fuelling. Therecycled tritium influx in the discharges with the gas puff is prescribed as afraction of
the total (deuterium and tritium) flux and this fraction is used as an adjustable parameter. For the
discharges analysed here the tritium recycling flux isabout 3 —4% of thetotal recycling flux increasing
to 7% during the sawteeth in Pulse No: 61132. Finadly, it should be mentioned that the boundary va ue of
the tritium dendty is chosen to be small enough that it does not affect the results of smulations.

Asmentioned abovetheinput parametersof the TRANSPsimulations (tritium diffusion coefficient
and recycled fraction) are adjusted to match the 14MeV neutron emission profile and the total DT
neutron yield. The approach used here does not give the estimation of the error bars on the transport
coefficients. Instead, the accuracy in the choice of transport coefficients is characterised by the
agreement between measured and cal cul ated neutron emission for al chords of measurements. The
quantitative parameter used for comparison isdefined as? = ﬁ\l g; JZNl (Yi e i m) 2/ (here
Yi exp isthe experimentally measured neutron emission along the 19 chords (see Fig.2) and the total
neutronyield, Y; g, istheir smulated values, o; isthe standard deviation of measured signal and N
Isthe number of time points). Thetypical valuesof normalised Xz obtained by adjusting thediffusion
coefficient and tritium recycling in TRANSPsimulations arein therange 2.44 — 3.72. These values
of xz arenot very accurate taking into account that agood val ue of xz isapproximately 1. However,
they characterise a reasonable agreement with the neutron data (fig.3). The simulated neutron
emissionisshowninfig.3for 6 horizontal channelslocated in the bottom of the machine (channels
4-9, Fig.2). Similar agreement is obtained for other channels. The discrepancy with the neutron
data for the Pulse N0s:61097 and 61138 can be partially explained by weak sawtooth activity
whichisnot included in TRANSPsimulations of these discharges. Thelow density dischargedisplays
strong sawtooth oscill ationswhich are taken into account in the simul ations assuming the Kadomtsev
reconnection model [20] implemented in TRANSP code [21].



Thetritium transport coefficientsfor three selected discharges are shown in Fig.4. A reasonabl efit of the
neutron emission is obtained with the simplest assumption of flat diffusion coefficient D for the low
and medium density discharges (Fig.4). However, the assumption of radialy constant D+ does not |ead
to asatisfactory agreement with the neutron measurementsfor the high density plasma. That iswhy the
piece-wise diffusion coefficient is used for this discharge and its shape is adjusted to match the neutron
emission (Fig.4, dashed curve). Asonecan see, the coretritium diffusion coefficient Dy inthesedischarges
exhibitstheinverse correlation with plasmadensity. At high dengty, the diffusion coefficient approaches
itsneoclassica vaueestimated with NCLASS[22] whileat low density thetritium transport isanomal ous.
Thelarge diffusion lossesin low density H-mode plasmaare partially compensated by a strong inward
convective velocity V4 while the tritium convective velocity is much lower a high density. The small
diffusion and convective velocity leads to the low tritium penetration in high density plasma, but the
tritium penetrates rapidly when the plasma density islow (Fig.5).

Another mechanism providing the fast non-diffusive penetration of tritium in the plasma centre
issawtooth activity. As mentioned above, the sawtooth oscillations are clearly observed in the ECE
measurements of electron temperature in these discharges. The effect of the sawtooth crashes on
the mixing of various plasma species has been shown in Ref. 10, and the detailed analysis of this
effect at different plasmadensity will be presented €l sewhere. Here, the effect of the sawtooth crasheson
theevolution of puffedtritiumionsisbriefly described sinceitisimportant for thelow density discharge.

The sawtooth oscillations are simulated for Pulse No: 61132 using the Kadomtsev model with
full reconnection of the current density profilewithintheinversion radius(r;, /a~ 0.5). Thismodel
maintains the core safety factor profile close to one. The electron and ion temperature exhibiting
the sawtooth crashes have been taken from the measurements while the fast particle and tritium
mixing was smulated by TRANSP. The time evolution of the central tritium density and the density
profile during the sawtooth crashes are shown in Fig.6. Interestingly, the sawteeth occurring during the
rise phase, when the tritium dengty profile is hollow, accelerate the tritium penetration towards the
plasmacorewhilethefast deuterium particlesareremoved from the centre. The sawtooth crashesenhance
the tritium removal from the core during the decay phase when the tritium density profile is peaked.

Tritium transport has been compared to thermal transport for the discharges of the density scan.
The thermal effective diffusivity estimated with TRANSP taking into account the NBI heating,
ohmic heating of electrons, energy losses due to the atomic processes (charge-exchange and
ionization) and radiative losses does not display aclear correlation with the plasmadensity leading
to the density dependent ratio /D (Fig. 7). Thisresult may have an impact on the modelling of
International Thermonuclear Experimental Reactor (ITER) scenarios with different density where
the assumption about the constant ratio of thermal to bulk particle (and helium) diffusion coefficient
independent on the plasmadensity ismade (seefor example Ref. 23). If the transport mechanism of
different plasma species (bulk ions and helium) is similar to the trace tritium transport the ratio of
thermal to particle diffusion should vary with density in these scenarios, that would affect the
estimated fusion performance.



The strong correlation between tritium transport and plasma density demonstrated in the analysis
of three discharges with the TRANSP code has been found also using another analysis method [8,
24]. In this method, the neutron reactivity (i.e., the ratio of neutron emission to the tritium density)
calculated by TRANSP has been used for post-processing the results from the fast predictive code
SANCO which solvesthetritium diffusion equation, cal cul ates the neutron emission and re-adjusts
the transport coefficients and recycling flux by minimising xz—val ue [8, 24]. This method gives a
closer fit of the neutron data with smaller xz and allows to estimate the error bars for the transport
coefficientsasadtatistical errors, however the equilibrium mode usedin SANCO islesssophisticated
than the model used in TRANSP. The tritium diffusion coefficients from this method for 9 NBI

heated Hmode discharges performed at different magnetic field, plasma current and heating power
[8] are shown in Fig.8. These coefficients were assumed constant in the plasmacore (r/a< 0.4) and
they areplotted in Fig.8 asafunction of the plasmadensity averaged over the sameregion. Similarly
strong dependence of tritium diffusion on plasmadensity has been observed also in the outer part of

plasmahowever the data points are more scattered than in Fig. 8 because of the strong dependence
of DT on the other parameterslike for example, the safety factor q[8]. In spite of the number of the
differences between TRANSP and SANCO models (different equilibrium, metrics and
parametrisation of the transport coefficients) leading to some variations in the values of diffusion
coefficient both techniques clearly demonstrate the reduction of the diffusion coefficient with plasma
density. At high density, the tritium diffusion coefficients are close to the neoclassical value (the
upper and low limits of neoclassical transport in the considered density range determines the shaded
region in Fig. 8). The scattering in the core diffusion coefficients for the discharges performed at
the same density is due to the difference in other plasma parameters [8].

4 PREDICTIVE MODELLING OF TRACE TRITIUM DISCHARGES

In this Section, the physical mechanisms underlying the correlation between the tritium transport
and plasma density are investigated through predictive modelling with different theory-based
transport models using the ASTRA code [25]. The modelling of the tritium density profile has been
performed with the tritium sources and current density profile calculated in TRANSP. The electron
andion temperature profilesare al so taken from TRANSP, but they represent afit to the experimental
data. First, the analysis of the trace tritium discharges with the MMM model based on el ectrostatic
turbulence will be described. Then, a new model which includes some parametric dependencies
following from test particle simulations in stochastic magnetic field will be introduced and tested.
Thetritium density evolution obtained with these model swill be compared with the density obtained
in the interpretative TRANSP analysis (Section 3).

a) MMM model

Asafirst step the maximum linear growth rate of drift modesis calculated with the MMM model
for the discharges from Table | to check the correlation between the turbulence growth rate and
plasma density (Fig.9). This is done by using the experimental temperature and density profiles



including the tritium density found in Section 3. In high and medium density discharges (Fig.9(a))
the lon Temperature Gradient (ITG) instability is the dominant in the gradient region while the
Trapped Electron Mode (TEM) is larger at the edge. The ITG growth rate reduces with plasma
density being comparablewiththe TEM growth rateinlow density plasma. The profile modifications
during the sawtooth crashes sometimes lead to the slight increase of the TEM which becomes the
dominant instability (such case is shown in Fig.9b). Thus, the stability analysis shows that the
increase of the plasma density does not lead to the turbul ence stabilisation which could explain the
suppression of the anomalous tritium transport at high density.

Asanext step, the thermal energy balance has been simulated using the full matrix of transport
coefficients and taking the experimental density profile and heat sources and sinks (NBI and ohmic
heating, electron-ion exchange, energy |osses due to atomic processes and el ectron radiative | 0sses)
calculated in TRANSP. The MMM model used here includes the drift mode driven transport (ITG
and TEM) and resistive ballooning transport. This model predicts reasonably well the electron and
iontemperature profilesinlow density plasmas (Fig.10, top) and dightly overestimatesthe anomalous
transport at high density (Fig.10, bottom). The modelling of the ion temperature in the discharge
61138 with the neoclassical transport only, over-predictsthe core temperature by 37% indicating that the
anomaloustransport isreally important in thisdischarge. In high density plasma, the anoma ousthermal
trangport is comparable to the neoclassical transport, while the therma losses are mainly driven by the
drift modes and the neoclassical thermal flux is negligiblein the Pulse No: 61132.

The modelling of the trace tritium with the MMM model is not so straightforward. The present
version of the MMM model includestwo plasma species, main hydrogen speciesand impurity. The
main hydrogen species can include the deuterium-tritium mixture with averaged concentration.
However, such approach is not suitable for the modelling of the trace tritium since the averaging
procedure givesanearly pure deuterium plasma. For thisreason, thetritium istreated asan “impurity”
in our simulations while the carbon impurity density measured by the CX diagnosticsistaken into
account in the quasi-neutrality condition and estimation of Z. The continuity equation for tritium
includes a so the neoclassical flux which israther large due to the DT collisions.

The tritium evolution simulated with the MMM model is shown in Fig.11. The MMM model
over-estimates the diffusion coefficient, predicting atoo rapid accumulation and decay of particles
in high and medium density discharges. In contrast, the convective velocity and core diffusion are
too low in the Pulse No: 61132 resulting in a slower rise and decay of the core tritium density.

b) Model based on tritium diffusion in stochastic electromagnetic field

The MMM model shows that the electrostatic turbulence is strongly unstable even in the case of
high densities where the tritium analysis indicates that the transport is near neoclassical. Indeed,
the maximum linear growth rateislarger at high density (Fig.9) and the anomal ousthermal transport
Is not negligible in the Pulse No: 61138. A few questions arise from these observations: why the
tritium diffusion isunaffected or weakly affected by the turbulence at high density wherethethermal



transport is essentially anomalous; what is the physical mechanism of the anomal ous trace tritium
transport; and how can the density dependence of tritium transport be explained.

Regarding the last question, the inverse dependence of the tritium transport on plasma density
maly be expressed as an inverse dependence on the collisionality. Such inverse dependence of particle
diffusion on collisionality is opposite to one expected from the collisional transport where the
diffusion coefficient increases with collisionality. It can hardly be explained by the collisionality
dependence of the anomal ous transport missing in the present version of the MMM model. Firstly,
the collisionality affects the TEM turbulence while the estimation with the MMM model shows
that the ITG isthe dominant instability in the considered density range, being comparable with the
TEM only at low density. Secondly, the density peaking factor ny(r/a=0)/<ns> (heren,istheelectron
density and < > stands for volume averaging) is slightly higher in the medium density Pulse No:
61097 (~ 1.3) thaninthelow density Pulse No: 61132 (~ 1.25) breaking the trend with collisionality
expected from the TEM driven particle flux.

On the other hand, the inverse density dependenceis an important feature of the transport based
on the el ectromagnetic turbulence. Indeed, the diffusion coefficient dueto particle collisions can be
roughly estimated as D ~ L2 ny, (here L isthe characteristic radial excursion of particlesand v,
is the collisional frequency). The relevant small radial excursions of particles in a homogeneous
toroidal magnetic field is the Larmor radius, whilst this increases to the banana orbit width in the
poloidal magneticfield for particlestrapped in theinhomogeneoustokamak fields. A larger diffusion
scal e appears with the stochastisation of magnetic field where the closed particle trgjectories have
thewidth proportional to the characteristic scal e of the fluctuating Hamiltonian [26]. In thisregime,
the collisional diffusion coefficient is replaced by an expression of thetype D ~ sz v, wherelL;is
the characteristic fluctuation length and v, _is the statistically-averaged frequency of encountering
an excursion of size L. Since the particle excursions are caused by the magnetic field fluctuations
their characteristic scale is determined by the skin depth, L¢ ~ Ly, ~ C/ope ~ 1/neo'5. So that in
plateau regime the diffusion coefficient will have an inverse density dependence.

Thetransport model based on the el ectromagneti ¢ turbul ence has been devel oped previously for
the electron thermal [27] and electron particle [28, 29] transport. The transition from electrostatic
to electromagnetic anomal ous thermal flux occursat high poloidal betabp, i. e, the electromagnetic
transport is expected to become dominant with the density increase at fixed magnetic field and
temperature. This model has been successfully tested on the Tore Supra discharges showing the
dominant electromagnetic transport in the core plasma heated by fast waves[27] while the thermal
and particle transport in the low density Lower Hybrid Enhanced Performance (LHEP) discharges
iIswell described by the MMM model based on the electrostatic turbulence [30].

The simulations of the stochastic test particle transport in electromagnetic turbulence [14, 28]
givethegeneral understanding of the basic physical mechanismsand some parametric dependencies
of the transport rather than analytical expression suitable for the modelling of the experimental
scenarios. However, such analytical expression can be developed on the basis of the test particle



simulations. It will be necessary to include somefitting coefficients and even additional parametric
dependencies which must be determined from the modelling of experimental discharges. In what
follows, such amodel for trace tritium transport is devel oped using the discharges representing the
density scan. First, themodel proposed in Ref.14 is compl eted with the empirical density dependence
matching the tritium transport in the high and medium density discharges. Then, this model is
tested on the discharge with low density. This semi-empirical transport model is expressed also as
afunction of the dimensionless parameters 3, p* and v* (these parameters are defined in Ref.15)
for the comparison with the results of the similarity experiments performed for the trace tritium [15].

Following the above discussion, the trace tritium radial excursion should be estimated as
max{ p, Lgint for passing particles (where p isthe tritium Larmor radius) and max{Ay,,, Lgint
for trapped particles (where Ay, is the width of tritium banana trajectory). The trapped particle
losses dominate for the most of the plasmavolume, and hence wefocus on these. Then the diffusion
coefficient can be estimated as D ~ Dy Max{ 1, (Lgp,/ Aban)z} ~Dpeoa*MaX{ 1, (C/(00pe Apap))
2} where Ope is the plasma frequency and c is the speed of light. However, this estimation is very
approximate since it includes the low limit of the particle radial shift. The test particle simulations
reveal the group of particles with very large tragjectories (so called percolating trajectories) whose
contribution to the diffusion coefficient isimportant [ 14]. Taking thisinto account we will ook for
the diffusion coefficient as a function of wpe_“ where o, > 2 and will determine the o-value from
the fit of tritium evolution in the Pulse N0:61138 and 61097. Assuming the same mechanism for
the diffusion and convection we will look for the similar expression for the convective velocity
where the exponent in the wpe-multi plier will be also adjusted. As it is done in Section 4(a) the
tritium evolution is simulated using the tritium sources and plasma equilibrium calculated by
TRANSP and the experimental temperature and density profiles. As aresult, the following model
for the trace tritium diffusion coefficient and convective velocity is found:

D= Dy g max|12R/L,)"} max {1.C, (1/(ci/Riwg / o))

1
= 2RI | R 0 "’

Here, D1 and V1 are the neoclassical transport coefficients calculated with NCLASS, C; =
5.79¢10%, C,=4.61* 10, op =7, 00 =4.5, Risthemgor radius, L, = nJ/ Vn,isthe characteristic
density gradient length, ¢4 isthe sound speed of tritium and wg isthe electron gyro-frequency. The
multiplier (c/R) g is used for the normalisation of the o .—dependent parameter controlling the
deviation from the neoclassical transport. Following Ref.14 the density-dependent stochastic
correction has the additional multiplier (R/Ln)4/ 7, characterising the statistical distribution of long
trajectories. The thresholds in the stochastic correction of the neoclassical transport are introduced
in Eq.(1) to avoid the reduction of the transport coefficients below the neoclassical level when the
density profileisflat.
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Theevolution of thetritium density at different radii (Fig.12) and thetritium density profile (Fig.13)
obtained with the model of Eq.(1) for three discharges from Table 1 show a good agreement with
thetritium density obtained from thefit of neutron data (Section 3). The small discrepancy with the
interpretative results in the low density discharge can be explained by the sawtooth activity, which
is not implemented in the modelling. As it was shown in Section 3 the sawtooth activity provides
the fast non-diffusive tritium penetration in the plasma core and enhances the losses during the
decay phase. Thus, thetransport coefficients proposed here can be considered as a sawtooth-averaged
transport. These coefficients (Fig.14) arein reasonabl e agreement with the values obtained in Section
3 (Fig.4). In high density plasma, the core tritium transport is close to the neoclassical (Fig.14(a)
and 14(b)). The enhancement of the neoclassical transport in this discharge occurs due to the R/L
multiplier in Eq.(1) indicating that only the particle moving al ong the very long traj ectories contribute
to the anomal ous | osses (the second multiplier isbelow the threshold). At low and medium density,
both anomal ous corrections, which increase the transport above neoclassical, become important.

The enhancement factorsfor neoclassical tritium diffusion and convective velocity (i.e. theratio
D1/Dypg @nd V4/Vy g correspondingly) described by Eq.(1) can be expressed in terms of
dimensionless parameters as (Bv*)'l'75 and (Bv*)'l'zs. The neoclassical transport itself does not
depend on B, but the correction factor found in the predictive modelling of dischargeswith different
density introduces the B-dependence in tritium transport. This dependence is favourable because
thereduction of the diffusivetritium flux with theincrease of B exceedsthe reduction of convective
flux. This conclusion isin the quditative agreement with the smilarity experiments performed during
the trace tritium campaign which aso confirm the favourable 3 effect on tritium transport [15].

SUMMARY AND DISCUSSION

Theresultsof theinterpretative analysis of tracetritium transport in the NBI heated ELMy H-mode

plasmas on JET can be summarised as follows:

1. Astronginversecorrelation of tritium transport with plasmadensity isfound using two different
analysis methods. The tritium diffusion is close to its neoclassical value at high density while it
Is strongly anomalous at low density;

2. The tritium convective velocity is close to the neoclassical one in high density plasma, but it
becomes anomalous at low density;

3. Thethermal effective diffusivity does not display such strong density dependence leading to a
density dependence for the ratio y /D,

4. The trace tritium is strongly affected by the sawtooth activity. The sawteeth redistribute the
tritium differently during the rise and decay phase, enhancing its penetration in the core in the
rise phase when the tritium profileis hollow and itsremoval in the decay phase when the profile
IS peaked.

Predictivemodelling of thetrace tritium evol ution has been performed with the goal of understanding
the density effect on the tritium transport. Firstly, the MMM model based on the electrostatic drift
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mode turbulence has been tested. This model fails to predict the trace tritium transport, while it
gives a satisfactory prediction of thermal transport in the same discharges. The stability analysis
performed with thismodel showsthat el ectrostatic turbulenceis not reduced with the plasmadensity.

A hypothesis about the el ectromagnetic nature of the tritium transport based on the test particle
behaviour in a stochastic magnetic field is proposed. This hypothesis could explain the inverse
correlation of the tritium transport with density for the set of discharges representing the density
scan. Another argument in favour of the electromagnetic nature of tritium transport is its inverse
dependence on 3 found in the similarity experiments with tritium gas puff [15]. A situation similar
to these JET discharges, i.e., aweak f—dependence of thermal transport indicating its electrostatic
naturein dischargeswith favourabl e B-dependence of trace helium transport has al so been observed
onDIII-D [31]. Thissituation ispuzzling from the point of view of turbulent theoriesand simulations
predicting that generally the electromagnetic effects are weak.

Based on the assumption of the electromagnetic nature of particle transport a correction to the
neoclassical trace tritium transport caused by the stochastic magnetic field has been devel oped and
tested giving quite satisfactory agreement with the results of theinterpretative analysis. The density
dependence included in this model is stronger than the one following from a simple mixing length
argument, indicating a possible non-linear diffusion mechanism at low density. It must be mentioned
that the transport coefficients with the density dependence proposed here cannot be considered asa
final complete transport model. A dependence of tritium transport on other plasma parameters such
asqand Ppol has also been found [8]. The effects of these parameters have to be understood and
implemented in the transport model. Thisis the subject of future work.
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Pulse No: By, T|ly, MA [Pyg, MW |Central line density,
1019 m-3
61132 |[1.90| 2.35 2.3 2.4 o
61097 |1.65| 2.00 7.6 5.0 3
61138 |2.25| 250 | 13.6 9.5 5

Table |I: Parameters of the NBI heated ELMy H-mode discharges with the tritium gas puff.
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in predictive modelling shown in Fig.12 (solid curves) during the density rise, peak and decay
phases for Pulse Nos: 61138 (a), 61097 (b) and 61132 (c).
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Figure 14: Tritiumdiffusion and convective vel ocity cal culated with the model of Eq.(1) for PulseNos: 61138 ((a) and
(b)) and 61132 ((c) and (d)) and used in the simulations shown in Figs.12 and 13 (solid curves). The upper and low
limits of neoclassical transport calculated using theerror bars of the measurements of electron and ion temperatures,
electron density and Z; are shown by grey dotted curves. The coefficients used in TRANSP simulations (Fig.4) are
shown by dashed-dotted curves.
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