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ABSTRACT.

Calculations of the particle flux caused by neutrals originating from the edge are performed for
TCV and JET, using the one dimensional kinetic transport code KnlD. The analysis, confirmed by
experimental evidence, shows that for TCV and for JET, edge fuelling as well as neutral beam
fuelling cannot be responsible for density gradient in the plasma bulk, confirming the presence of
inward particle convection. The results corroborate the expectation of a peaked density profilein
ITER, despite the lack of bulk particle fuelling.

1. INTRODUCTION
The nature of the peaked electron density profilesin tokamaks has been the subject of controversy
for along time [1]. Recent experiments in fully current driven plasmas with negligible particle
sourcein Tore Supra[2] and TCV [3] have shown that substantial peaking isobtained in the absence
of the neoclassicalWare pinch [4] (Ve * Eyo/Bpg), providing an unambiguous demonstration of
the existence of anomalous inward pinches. At the same time, a study of JET H-mode discharges
suggested [5] that the effect of edge fuelling may not be negligible, as usualy assumed and may
contribute to density peaking to the same extent asNBI fuelling. In this paper we present adetailed
analysis of the processes of neutral penetration and therole of the edge neutralsfor el ectron density
peaking inthe TCV (R = 0.88m, a< 0.25m, I ;< 1.IMA) and the JET (R = 2.96m, avert 2.1m, | ,
<6MA) tokamaks.

For a deuterium (or hydrogen) plasma in steady state, the electron ne and neutral nO densities
within the closed flux surfaces can be described by fluid transport equations

V(_Dvne"' V- ne) = NeNoSion = r]2e Srec @)
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where V is the radial flow velocity (pinch velocity), v is the neutral fluid velocity, S, is arate
coefficient for ionization of neutrals by electron impact, S is the rate coefficient for radiative
recombination and D is the particle diffusivity within the closed flux surfaces. These equations
show that the presence of the particle sourceterm directly influencesthe density gradient in regions
where the source is important. lonization of neutral particlesin the core produces radial density
gradients and as seen from the equations above, the term n NS, has a similar influence on the
density profile as an inward pinch. Therefore the neutral particle source has to be considered as a
possible candidate for peaked density profiles.

The potential sourcesof neutral particlesintokamak plasmas are neutral s produced by recycling,
neutrals produced by recombination and neutral s injected by neutral heating beams. In the absence
of neutral beams, the majority of the neutral influx comes from recycled deuterium released from



thewall protectiontiles(carbonin TCV and JET), which cover theinside of the tokamak vessel and
are thuslocated at the edge.

These neutralsareinitially cold and have a short mean free path. Deep fuelling by edge neutrals
Is possible via charge exchange processes with hot plasmaions, which produce fast neutral s, which
can penetrate from the edge to the bulk plasma. Neutral beam injection used for plasma heating
represents an addition to the edge recycling source of neutral particles. The beam neutrals are
characterized by high energy (~105 eV for JET) and therefore can penetrate in to the plasma core.
The location of the particle source produced by the beam and its strength depend on the beam
deposition profile and have to be calculated for each discharge using numerical codes.

2. PENETRATION OF NEUTRALS
There are several reactions which are important in creation of ionized particle sources or sinksin
hydrogen plasmas [6]:

e +H,>e +H,+e

bje +H—>e +H +e

OH,+e = H+H+e 3
dH+H - H" +H

eH +e = H+hv

The two major processes which lead to ionization of neutral hydrogen coming from the periphery
are direct ionization of the molecular hydrogen (a) and ionization of the atomic hydrogen (b).
Important processes which do not lead directly to creation of additional charged particles but
determinesthe concentration of neutral s are dissociation of molecular hydrogen and the creation of
Frank-Condon atoms (c) and charge exchange of atomic deuterium (d). A sink for hydrogenionsin
the plasma is provided by radiative recombination (€). Reaction rate coefficients as a function of
temperature for thereactionslisted in (3) are shown on Fig. 1 [7]. It is seen from the comparison of
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Rate coefficients for atomic processes in hydrogen [7]. The labelling corresponds to the reactions
listed in (3) Fig. 1A and B that radiative recombination of hydrogen atoms can play arole only in
high density plasmas, sincetherate coefficient of thisprocessissignificantly lower than theionization
and charge exchange rate coefficients. In the energy range above 100eV , the recombination rate
coefficient is smaller by 6 orders of magnitude than the rate coefficient for charge exchange or
ionization. Consequently, in regimes with low electron densities the main source of the neutral
particlesis the flux from the wall.

The neutral concentration in the plasma is therefore determined by a balance between neutrals
entering the plasma from the wall and the ionization. This balance depends on the velocity of
neutrals, their concentration and on the density of the electrons. For a particle with velocity v, the
mean free path can be estimated as



v

n<ov>

where £mv is the rate coefficient for the processes considered and n is the plasma electron or ion
density. For the electron temperature range 20 < T, < 400eV , typical for conditionsjust inside the
Last Closed Flux Surface (LCFS), the rate coefficient for processes |eading to the direct ionization
of molecular hydrogen are larger than 2 10~8 m®s. For densities near the LCFS, which areusually
intherange0.5-5- 10 m3and typical thermal velocitiesof 2 - 10° m/s, the penetration length
of molecular hydrogen A is 1cm or less. This penetration depth is rather small compared to the
minor radiusof TCV (25cm) or JET (1m) and therefore the contribution of the moleculesto density
peaking is small beyond the vicinity of the LCFS.

For Frank-Condon atoms, which result from molecular dissociation, with an average energy of
2eV , the mean free path is still only of the order of 1 cm at the high end of the density range, (at
which molecular deuterium is not expected to penetrate beyond the LCFS), but may be as high as
10cm at the lowest edge densities, which include many of the TCV ECH plasmas. Moreover, unlike
molecules, neutral atoms can penetratein adiffusive-like manner by a sequence of charge exchange
processes, until an ionization occurs. Charge exchange of slow neutral particles with fast plasma
ions creates slow ions
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geometry (KnlD manual [8]) and fast neutral particles. Energetic neutrals can have penetration
lengths comparable to the size of the plasma and therefore can be ionized or undergo subsequent
charge exchange reactions further inside the LCFS. The CX process is indeed important because
the resonant charge exchange cross section is higher than the ionization cross section.

Several CX reactions can occur before ionization, leading to an effective acceleration of the
neutral particles.

The importance of CX neutrals depends on the ratio of neutral atomic fluxes to the molecular
fluxes as well as on the plasma background conditions and normally requires specific codes to
estimate. To perform this estimation we had two toolsin our disposal: the one dimensional kinetic
transport code Knl1D [8] and two dimensional transport code DOUBLE-TCV.

Kn1D computesthe neutral atomic and molecular hydrogen (or deuterium) distribution functions
(fH,sz) in a dab-like spatial geometry with specified plasma profiles. The model geometry in
Knl1D consists (inincreasing values of x) of awall surface, alocal limiter shadow, aplasma Scrape-
Off Layer (SOL) region and acore plasma(Fig.2). The numerical agorithmincludescharge exchange
collisions, el ectron-impact i onization and dissociation, el astic self-collisions (atomic and molecular),
and avariety of elastic cross-collisions (atom-ion, atom-molecule, molecule-ion).

The DOUBLE-TCV code uses aMonte-Carlo technique to calculate neutral distributionsin the
plasma, assuming a plasma column surrounded by a homogenous atomic gas density, specified by
atomic neutral density and energy for each species defined at the last closed surface. The plasma



geometry isintroduced into the code asapoloidal flux map (R,Z). The code generatesthefollowing
outputs: 2D distributions of neutral density of each mass species in the poloidal plane; neutral
densities and emissivity distributions.

We compared the results of cal culation of neutral densitiesinside LCFS performed by DOUBLE-
TCV and Kn1D codesin severa TCV discharges. For example, profiles of neutral density in Ohmic
TCV discharge are shown in Fig.3. Two codes give very similar resultsfor p, > 0.6 and diverge,
although not by more than a factor of two, at the plasma centre. Based on this comparison, we
concluded that for the purpose of numerical treatment of neutral flux the bulk plasma simplified
kinetic 1D code can be used. Another advantage of KnlD code for present study is the ionization
source as an output, the quantity which can be compared with outward plasmaflux and theimportance
of particle source in particle balance equation can therefore be estimated.

3. PARTICLE SOURCESIN TCV

TCV does not have a neutral beam heating system and therefore there are only two sources of
neutrals in limited discharge: the flux of neutral atoms from the walls and the radiative
recombination of the plasma bulk ions. The diagnostic neutral ion beam used to measure T;(p)
hasan insignificant total source rate~10"° s~ and was not yet availablefor most of the experiments
described in thiswork.

3.1. KN1D SIMULATIONSFOR TCV

In defining the Kn1D geometry for TCV dischargesthe following assumptionswere made. A limiter
configuration with aninner wall asalimiter surface was chosen (see Fig.4). In this case the neutral
hydrogen recycling form awall tends to be ionized inside the LCFS. Accordingly the SOL length
was chosen to be equal to zero. The outer wall was assumed to serveasawall inthe KnlD geometry
and the length of limiter shadow was taken equal to 2cm.

The background plasmael ectron density ng(p) and electron temperature T (p) profilesinsidethe
LCFS, where p is square root of normalized poloidal flux, were taken from Thomson scattering
measurements [9]. Outside the LCFS, the temperature and density profiles were assumed to have
an exponential decay leading to wall temperatures of the order of 10—20eV and densities2—3 times
below the values at L CFSin accordance with Langmuir probe data[10]. |on temperature profilesin
the plasma bulk were approximated using data from charge exchange spectroscopy [11]. Outside
the LCFS, an exponential decay of ion temperatures similar to that of the electron temperature
decay was assumed. All profiles were remapped to the 1D coordinate along the axis x on Fig. 4
using the discharge equilibrium data.

The result of a KnlD simulation as a function of distance along the x axis (Fig.4) for aTCV
Ohmic L-mode dischargeis shown on Fig.5. Thisdischarge hasavery low central electron density
ne(0) -8 108 m~3and represent practically the lowest density of the TCV operational domain. The
densities of molecular deuterium and of neutral atoms, the temperature of neutral atoms and the



atomic ionization rate are shown on Fig.5 by dashed lines. The atomic ionization rate plotted on
Fig.5d corresponds to the term n.ny,S,, in Eq. (1). Profiles of electron and ion temperatures are
shown in Fig.5 by solid lines. It is seen that the heating of the electrons by the Ohmic current and
strong decrease of energy exchange between ions and electrons at low density resultsin a large
difference, more than afactor of four, between ion and electron temperatures. As it was predicted
by asimple estimation at the beginning of this chapter, the density of molecular atoms drops down
very rapidly with the distance from the limiter and the corresponding flux can be neglected over
most of the cross section. The main part of the neutral flux inside LCFS is due to atomic neutrals
and as seen from the changes of the simulated temperature of atoms, neutral particles penetrate in
adiffusivelike manner increasing their energy in successive charge exchange processes. Thisincrease
of theenergy of the neutralsleadsto slower changes of the atomicionization ratenen0Sion Afi(nOvO)
with respect to the decrease of n,.

To understand theimportance of particle flux termin the particle balance equation, the ssmulated
particle flux due to the edge source

—n 2
Iﬂs:ource - ( Ny S|on - Ny Sre) d (4)

was compared with an outward diffusive flux 'y = -DVn,, where Vn,isthe experimental density
gradient and D isthe diffusion coefficient. D was chosen to be aparabolic function D = p2 +0.1m?
swith anon zero value at the centre. In steady state conditions and in absence of convection the
total flux I' = 'y + 'y e ShOUld be equal to zero.

To make acomparison we performed several simulationswith different values of pressure at the
wall, P, 4, whichisafree parameter in KnlD. Inanideal situation, thisvalue should correspond to
the vessel pressure. However in areal experiment, the complexity of walls and limiter geometry
and uncertaintiesin molecul ar-atomic processesin the SOL do not allow usto determinethisabsolute
density of the neutral molecules at the wall with sufficient accuracy. Some constraints can come
from a comparison of the measured H,, emission with the KnlD simulation, but the poloidal
asymmetry of the observed Haipha emission make this comparison quite ambiguous. Another
difficulty isthat H,, diagnostics lack the resolution that would be required to distinguish between
emission inside and outside the LCFS, only the former being indicative of plasmafuelling.

In Fig.6 acomparison of I' obtained using experimental density profilesand I'g) . Calcul ated
by Knl1D is shown. The curve a) correspond to an exact match of I' .. and £FD at the edge,
which implies the absence of aradia pinch a p = 1 in steady state. Similarly two other curves
correspond to situations when inward (curve b) or outward (curve c) pinches are present at L CFS.

Dueto the large differencein the slope of I'y and I e it IS NOt possible to satisfy the particle
bal ance equation without invoking convective processes. It isclearly seen that for the case of curve
a) inFig.6, I'y and ', Match only at the edge. At p ~ 0.6 source flux due to ionization of neutral
particlesis smaller by afactor of 2.5 than the diffusive flux. In the plasma centre this differenceis



close to afactor 10. Therefore neutral particle penetration from the edge cannot be responsible for
density profile steepness and an additional inward pinch term is needed to compensate the diffusive
flux in steady state conditions.

It has to be noted that the absolute values of D chosen for the diffusive flux has no influence on
the results of the comparison because of the above mentioned renormalization of I ... However
the profile of D isimportant. Measurements of D are difficult and were not available for thiswork.
Taking into account the fact that measured by perturbative techniques, profiles of the diffusion
coefficient in L-mode tokamak discharges usually rises more slowly than p2 [12, 13, 14, 15], the
choice of aparabolic function givesthe lower limit to the plasma particle flux profile and therefore
increase the influence of edge particle source. If the profile of D is flatter than pz, the difference
between I'y and I' . IS €v€N More important than in the example presented in Fig.6. We should
note, however, that with a steeper than p2 profileof D, theI'y and I" may be comparable over
the entire discharge.

If aninward pinchis present at the LCFS (curve b) in Fig. 6, the difference between Iy .. and
I'p becomes more significant than for the case of curve a) not only at the edge, but in the bulk as
well. The example of curve c) shows that if an outward pinch is present at LCFS it must change
direction at some point inside the plasmain order to keep the total flux zero at each radial position.
The point of pinch reversal would depend on the values of the pinch at the edge, the diffusion
coefficient, the plasmadensity and temperature profiles. We are not aware of any physical mechanism
which can produce such a behaviour of the pinch velocity.

The previous example shows that at low densities the concentration of the neutral particles n,
and as a consequence particle source Sp ~ NgNe < O, >jop IN the plasma bulk is determined by CX
process. The mean free path of the neutrals after charge exchange depends on the energy of the
plasma ions, which in turn is determined by the plasma ion temperature. Additionally, a higher
energy of neutral particlesincreasesthe associated flux (see Eq. (2)). Thereforeit isimportant also
to analyze discharges with high ion temperature.

During the Ohmic heating the ions are heated via electron-ion collisions and the local power
transmitted from electrons to ions can be estimated as

source
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Thetransfer of energy to ionsis more efficient for plasmas with high electron density and this fact
is confirmed by ion temperature measurementsin TCV.

To perform a simulation with KnlD we chose a discharge close to the maximum density
availableon TCV: ny(0) ~ 1.7 - 10 m=3, The electron temperature was measured to be 650eV at
maximum and ion temperature was estimated from CSXR measurements [11] to be as high as
580eV at the centre.

The results of the ssimulation are presented in Fig.7 where all definitions are the same as for



Fig.5. The density of molecular deuterium drops by two orders of magnitude already in the limiter
shadow and the associated flux can be completely neglected inside the LCFS. Asin the case of the
low density discharge, neutral atoms penetratein adiffusivelike manner increasing their temperature
practically to 580 eV in the plasma centre. However the increase of the CX rate due to the high
temperature cannot compensate for the strong decrease of the mean free path due to the density
increase. The density of neutral atoms drops exponentially by four order of magnitude in first ten
centimeters inside the LCFS and remains nearly constant from that point up to the centre. This
constancy of the neutral concentration is explained by recombination. The neutral particle
concentration resulting from recombination is determined by the following expression

<ov>
r]()=<—>rec¥ni (5)
ov ion

For electron temperatures of order of 500eV the ratio <ov >, /<ov>,,=2 - 1078 and for ion
densitiesn; = 1- 10°m™® the concentration of neutral atoms dueto recombination, Ng=5- 10%m™®
is comparable with concentration of wall neutrals transported to the plasma bulk by CX process
(see. Fig. 7c). From this point the concentration of the neutral particlesin plasmano longer depends
on the neutral flux from thewall, since the | atter becomes several orders of magnitude weaker than
the flux from recombination of plasmaions.

Theresults of acomparison of the outward diffusive flux with the particle flux created by neutral
atomsis presented on Fig.8. The particle flux created by neutrals still remains significantly low. In
the central regionsof the plasma, where recombination isimportant, the particle source flux becomes
zero Eqg. (5) and Eq. (1). Theseresultsindicate that the particle source from the edge cannot account
for density peaking in TCV high density discharges.

Other important domains of TCV operation are Ohmic H-mode discharges and discharges with
ECH heating. Ohmic H-mode discharges on TCV have central densities higher than 6 - 10 m3
and the conclusions of the simulation presented on Fig.7 and 8 are valid. ECRH discharges are
characterized by high electron temperatures (several keV) and low central electron densities (typically
1+3.10% m'3). In these conditions the electron-ion coupling is strongly reduced and ion
temperatures remain low (T;(0) ~ 200 — 400keV ) [11]. Therefore, the neutral penetration issimilar
to the neutral penetration in the low density discharge presented in Fig.5 and Fig.6.

3.2. EXPERIMENTAL EVIDENCE OF NEUTRAL PENETRATION ON TCV

As predicted by the simple formula for the mean free path of edge neutrals and observed in the
more complex diffusive like behaviour, the penetration of the neutralsis dependent on the absolute
value of electron density. KnlD simulations performed for plasma parameters taken from Pulse
No: 25174, show that for fixed profiles of electron temperature and for fixed plasmashape, ratio of
~I'p/T'source @ Ppol = 0.7 isan exponential function of the central density in the range n,(0) = 0.8 -
10" -6.10"m™3
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For central densities higher than 6-10™° m~3 recombination startsto play arole and the dependence

on the n,(0) disappears. However, for such densities the ratio —I'p/I'gyce 8 Ppgi(0.7) is already
close to 100 and therefore I'g, e Can be neglected. As a result, one experimental test for the
importance of edge neutralsin the formation of electron density gradientsisacomparison of profiles
with different central densities.

Two examples of normalized profiles of electron density in Ohmic L-mode discharges with
similar plasma current and shape are shown in Fig.9(a) and (b). All discharges have practically the
same peaking of electron density at fixed current, completely independent of the absol ute values of
the density. Even thelowest density discharge, which representsatypical target for ECRH scenarios,
shows no additional peaking in comparison with highest density discharge (Fig.9). Therefore we
can conclude that the experimental data show no evidence for the importance of edge neutral
penetration, thereby confirming the conclusion drawn from Knl1D simulations.

Another way of experimentally assessing the effect of the edge source is a comparison of the
electron density peaking in deuterium and helium plasmas. Theionization crosssection ishigher in
He than in H and the charge-exchange cross-section is much lower.

This combination of these properties should lead to asignificant reduction of thefast CX neutral
flux and hence of deep fuelling.

Helium can exist as an neutral atom, as an ion with charge +1 or it can be completely ionized.
Charge exchangeis possible on both stages: He' and He' . The rate coefficients of the processesin
Heare shown on Fig.10. The double CX rate coefficient ismore than four timeslower in Hethanin
H (see Fig.1 for comparison). At the same time cross-section of ionization of the atomsisonly 1.5
timessmaller inHethanin H. Thereforetheratio <ov >y /<ov>;,, for Heisequal to 1/5 at 100eV
that is 10 times lower than the sameratio in H. It meansthat CX chainsare practically absent in He
plasmas, and no significant deep fuelling is to be expected.

We did not have at our disposal a transport code for atoms and ions able to treat a pure He
plasmaand in order to understand the differencein neutral penetration between H and He discharges
we performed the following reasoning. Neutral atomswith aninitial density ng (Ieft of the diagram
11), directed towards the plasma core from the edge can be ionized, experience charge exchange
with fast plasmaionsand create fast neutral atomsor penetrate as cold neutralsinto the plasma. The
branching ratios for the different processes are determined by the corresponding rate coefficients.
Assuming a fixed electron density, ion and electron temperatures along the penetration path, we
can estimate the decay of theinitial concentration and thefinal concentration of fast neutral particles
which contribute to corefuelling. The reactions corresponding to the | eft part of the diagram arethe
following: He'" +He— He+He"™ (double charge exchange) with the rate vy pecx = Ne' <OV
>joublecx /2 and e+ He — e+ He' + e (ionization of He) with therate v, ,, = Ny < ov >;,. For both



rates N, = NJ2 was assumed. For ion and electron temperatures of about 200eV typical for
Ohmic L-mode TCV dischargesin theregion p,,, ~ 0.8 — 0.9 the total ionization rate exceeds the
rate of double charge exchange by factor of 5 and therefore the probability of ionization is four
times higher than creation of fast neutral via CX. Assuming an exponential decay of the densities
with the distance and taking into account the relations

—dn, (X) = dn, (X) + dn_, (X),

anfast (X) _ 7\’ion
dn,,(® A
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we can estimate the densities of ny, ions and fast neutrals Ny at adistance X, = Ay
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Sincethedensity of He"™" at p = 0.8 - 0.9 issignificantly higher than the density of He+ produced
by the edge neutrals, the single CX process and the resulting density of fast neutrals (top right of the
Fig.11) can be completely neglected. At this stage, thefast neutral can be produced only by double
CX onthe cold neutral s having penetrated from the edge or fast neutral s created from the preceding
double CX. The probability distribution between ionization products (ions) and double CX products
(neutrals) can be again estimated using (6) and (7).

Summarizing above we can see that at temperatures about 200eV and at the distance 24 less
than 20% of initial neutral concentration ny will giveriseto fast neutrals and more than 80% will be
ionized. For comparison, in deuterium plasma at the same distance more than 80% of initial cold
atoms will create fast ions in charge exchange reactions. Thus, the different atomic physicsin He
and H plasmas resultsin significant difference in formation of fast CX neutrals and should lead to
thedifferencein profilesof electron density inidentical discharges performedinHeand H if neutrals
originating from the edge contribute to the density peaking.

He plasmas with ratios of He/(He +D) higher than 90 % at high electron density were obtained in
TCV [16]. Ohmically heated, diverted configurations were performed with a steady state flat top of
1s. The electron density profiles, remapped on p,,; for two He discharges with different current and
central densities, together with their deuterium counterparts are shown on Fig.12. Assuming that the
sourcetermin (1) isimportant and taking into account the analysis presented above one should expect
flatter density profilesin He dischargesthan in D discharges. Evidently, both examples, representing



high density and low density discharges, show no sign of flattening of profileswhen Heistheworking
gas, thus proving again theinsignificance of edge neutralsfor the formation peaked density profiles.

4. PARTICLE SOURCESIN JET
The large size of JET (a~ 0.85m) would require a multi-step CX chain, which would results in
neutral energies, after CX with hot plasmaions, as high as the ion temperature. Auxiliary heating
on JET leads to ion temperatures comparable to or high than the electron temperatures, attaining
several keV at the plasma centre and high ion temperatures can be obtained even at low densities by
neutral beam injection. Compared with TCV, the increase of the flux due to the energy increase
might compensate the decrease of neutral densities due to the large machine size.

The next sections present the results of KnlD simulations performed for JET, as well as
experimental results indicating the unimportance of edge source in density peaking. The presence
of an additional source of neutral particles due to the neutral heating beamsis also discussed.

4.1. KN1D SIMULATIONS FOR JET L-MODE PLASMAS

JET hasacomplex scrape-off layer with multiple non toroidally symmetric limitersused during the
OH phase. Moreover, most JET discharges have a diverted configuration. These conditions make
one dimensional simulations of the edge plasma very inaccurate. However, since the main interest
of the study isthe particle source terminside LCFSthe following simplificationsin the construction
of the 1D geometry were made. The lengths of the SOL and the limiter shadow were chosen to be
equal to 5¢cm and the distance along the shortest chord from the limiter to the plasma centre was
chosenasagrid for KnlD. Infact, the details of the geometry outside the L CFSinfluence the shape
of calculated particle source only afew cminside the LCFS and for large machines such as JET, the
inaccuracy in the definition of the geometry does not affect the resultsin plasma bulk.

The electron temperature profiles are taken from LIDAR TS measurements and the ion
temperature was taken from CXS measurements [17]. The density profile was obtained using the
SVD-I method [18]. The density outside the LCFS was assumed to decrease exponentially with a
distance according to [19]. All profiles were remapped to a one dimensiona coordinate along the
chord passing from edge to the plasma centre in the midplane using the equilibrium code EFIT [20].

Figure 13 shows experimental density and temperature profiles and simulation resultsfor an L-
mode JET dischargein limiter phase heated only with the LH system (thisdischargeischaracteristic
of experiments presented in the study of electron density peaking in JET [21]). According to the
LIDAR measurementsthe central density isng(0)~1.3 - 10 m=3 and the central electron temperature
Is 3keV. The ion temperature inferred from the CXS measurements is lower than the electron
temperature. Vertical lines on the Fig.13 mark the LCFS and limiter position in the chosen 1D
geometry for KnlD.

The simulation showsthat the large size of JET with respect to TCV resultsin completeionization
of molecular hydrogen aready in the SOL region. The rate of decrease of the neutral density with
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distance is similar to the rate obtained for TCV. This results in smaller concentration of the neutral
hydrogen at JET thanon TCV at the same p. Diffusive like penetration via charge exchange of neutral
atoms on energetic plasma ions increases the neutral temperature to 1keV in the plasma centre.

A comparison of I'y and Iy, e Similar to the one performed for TCV is shown in Fig.14. The
difference between the outward plasma particle flux and the flux created by neutrals coming from
the edge is more than one order of magnitude, even in the vicinity of plasma edge and increases
toward the centre despite the strong decrease of the diffusive flux. This confirms the unimportance
of isource in particle balance equation for this type of the discharges.

The results of simulations for high electron and ion temperature JET discharge have to be taken
with caution because of limitation of KnlD atomic cross section data to 800eV beyond which
reaction rates are taken as constants. Nevertheless, this restriction does not alter the results since
changes in the cross sections for ionization and charge exchange could not account for orders of
magnitude difference between I'y and Iy, e iN L-mode discharge. This limitation, however, will
strongly influence the results of the ssimulations in H-mode discharges because of the pedestal
region characteristic for H-mode. In the narrow edge pedestal, electron and ion temperatures rise
from hundreds of eV to afew keV , well abovethe 800eV KnlD limit and hence simulations are not
reliable already in the edge region. In order to understand the importance of the source termin H-
mode plasmas we relied on the experimental evidence presented in the next section.

4.2. EXPERIMENTAL EVIDENCE OF NEUTRAL PENETRATION ON JET

Asinthe case of TCV, apure He plasmain JET is expected to modify the properties of neutral
penetration and would give an indication of the importance of multistep CX fuelling processes.
We compare electron density profiles from similar JET discharges which were measured in
deuterium and helium plasmas. Helium discharges with a purity of nearly 90% were created in
the plasma current range 1-2.5MA with neutral heating beam powers up to 12MW [22]. He
discharges were chosen to match as closely as possible previous, well characterized D discharges.
This allowed to select about 50 pairs of density profiles with very similar discharge conditions
and as only difference the working gas. ELMing H - and L - mode phases are equally presented
inthe selection. Examples of electron density profilesin Heand D in L-mode high current discharge
and inlow current H-mode discharges are presented in Fig.15 and Fig.16 respectively. Details of
the profilesin He and D, obtained with the SVD-I method, are in very good agreement with a
slight indication of additional peaking in He. Density profile peaking factor defined as ny(0)/<n,
> s, where <> isthe volume average and n4(0) is central density, in He discharges as afunction of
peaking factor in D dischargesis presented in Fig.17. The diagonal line corresponds to an exact
matching of the profile peaking. The central density in the selection is distinguished by classes of
symbols and varies by a factor of two from ng(0) ~ < 2.10%m3 to n(0) ~ 410 m=3 1tis
clearly seen that density peaking in some of He dischargesisslightly higher than in D discharges
asit was noticed in individual profile comparisons. The comparisons of individual profiles and
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theindependence of peaking on the working gas show the penetration of CX edge neutral s cannot
account for density peaking.

4.3. EFFECT OF NEUTRAL BEAM FUELLING IN JET H-MODES

The vast majority of H-mode plasmasin JET are dominated by NBI heating and therefore have a
core source of particles, which may be expected to contribute to sustaining density gradients. Asfor
edgeneutrals, penetration depends sensitively on plasmadensity. I nterestingly however, density profiles
appear not to depend on wether the fuelling profileis peaked or shallow, as seenin Fig.18(a). In this
figure two electron density profiles measured by LIDAR TSin the H-mode phase of two discharges
are shown. The high density Pulse No: 52823 has a plasma current Ip= 2.5MA, edge safety factor ggg
=4 and main magnetic field B, = 2.7T. Only NBI heating with apower of 15.8MW was used. Thelow
density Pulse No: 59301 was heated using 6MW of ICRH power in addition to 8.9MW of NBI power.
The plasma parameters are the following: I, =1.5MA, dgs = 4, Bt = 1.7 T. In both discharges the
profiles of electron temperature measured by LIDAR TS [23] are practically identical as shown in
Fig.18(b). Profiles of ion temperatures (not shown) measured by CXRSarevery similar to theelectron
temperature profiles. Because of the differences in Z; the two discharges had the same effective
collisonality. The difference in the absolute values of the density leads to a strong difference in the
particle source from the edge or from heating beams. The profile of the particle source from heating
beams was calculated by the PION beam stopping code [24] and plotted by a solid line on Fig.18d.
Thehigh density discharge has significantly lower values of atomic ionization ratein the corethan the
low density discharge and the profileisa so different. At the same time the normalized profiles of the
electron density (Fig.18(c)) for both dischargesare practically identical. The similarity of the electron
density profilesis also confirmed by SVD-I method. The identical peaking for the same T, and T;,
while the density differs by afactor of nearly 3 unambiguously establishes the unimportance of the
particle source both from the edge neutrals and from heating beams.

The contribution of beam fuelling to the density gradient in steady state may be estimated as VvV
ngNdner = Iygi/DNe For atypical JET plasmawith ne~5-1019 m~3and 10MW of NBI heati ng, the
fuelling rate is some 107 s"l, of which some 40% are deposited inside r/a= 0.5, corresponding to
I'ng ~5- 10 m™2 71 Hence, in order to sustain atypical gradient vng/n, V<1 m™%, D would
haveto be of order 0.1 m2/s, alow value when compared to heat diffusivity. Unlike heat diffusivity,
particle diffusivities cannot be obtained on a routine basis. We therefore relate the beam fuelling
contribution to the effective heat diffusivity X = Q/(n VT, + nVT,) = Q/(2n.VT), where Q isthe
total heat flux, asfollows:

V_ne‘ _ Fe — 1 y T, ¥2VTe -
NBI
n, Dn, D Q/I“NBI T,

For entirely beam heated plasmas E,, = Q/T'g, is average the beam energy (100keV at JET). For
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typical VT /To~2m ™" and T~ 3keV at mid radius, D would have to be 10 times smaller than %, in
order to explain adensity gradient [Vng /ng~ 1 m™L. Thisisindeed the case for the majority of beam
dominated JET H-modes, as seen on Fig.19(a), which plots |[Vng| /ng versus T'yg /XN, both of which
are evaluated at r/a= 0.5. 'y and Q were obtained using the PION code [24]. The figure contains
the data presented in ref [25], augmented by H-modes dominated by Radio-Frequency (RF) heating.
The symbols refer to classes of f, = Qug/Qrot- This parameter varies from 0 in purely RF heated
plasmasto 1 in purely NBI heated plasmas. The variation of I'yg,/(Xn,) for NBI dominated plasmas
(red dots) stems not from changesinI'yg, (because Qg /I'\g| = Ep= const), but from the range of V
Tointhedataset and should therefore not be misinterpreted asaproof that NBI fuelling isthe cause of
density peaking. As can be seenin thefigure, theisno correlation with fnb and hencewith I'y g /QroT
. Purely RF heated plasmas maintain finite density gradients which cannot be explained by fuelling,
no matter how low avalue of D/X is assumed. These RF plasmas raise the question of whether the
Ware pinch [4] may be responsible for density peaking. For TCV L-modeswith ECH and EC current
drive, the answer to this question has already been found to be no [26, 27]. The Ware pinch Vyy, is
much smaller than INBI/ne in beam dominated H-modes and for purely RF heated plasmasaratio D/
% ~ 1072 would have to be assumed to explain density gradients in the confinement region. This
contrasts with experimental evidence on JET [28] suggesting that D/« is of order unity, at least asfar
asions are concerned.

Thedatapresented in Fig.19(a) are clearly not compatiblewith D/X of order 1072 They are however
consistent with higher values of D/X, which impliesthat beam fuelling can still beaminor contributor
to density peaking in JET H-modes. Fig. 19B showsthe density peaking factor ny/<n.> for the same
data as Fig.19(a) versus the effective collisionality, which was previoudy found to be the dominant
scaling parameter in JETH modes [25]. We see that RF H-modes are indeed on average some 20%
less peaked than their NBI fuelled counterparts, a difference which is of the magnitude expected for
NBI fuelling, assuming D/X in therange 0.5—-1. We should note that NBI fuelling may not bethe only
causefor thedifference. A possibleaternative candidate or contributor may the reduction of anomalous
inward convection due the destabilisation of trapped electron modes by electron heating [29, 30, 27].

SUMMARY

Simulations performed using the one dimensional kinetic transport code KN1D showed that the
region over which the source term isimportant is restricted on TCV and JET, for the discharges
considered, to the outermost few cm of the discharge and can be ignored in the particle balance
equation in the confinement region. This argumentation is corroborated by the absence of a
dependence of the experimental density peaking on the average plasma density and the working
gas (D or He) on both machines, which is inconsistent with the large variations with average
density or working gas of the penetration depth of the neutrals. The contribution of NBI fuelling
to the total density peaking in JET H-mode plasmas was shown to be less than 20%. These
results indicate that the main cause for peaked steady state electron density profile in tokamak is
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the inward particle pinch and therefore corroborates the conclusion of [25] that peaked density
profiles may be expected in ITER, despite the lack of core fuelling.
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thewall. Theresults of Kn1D simulation for temperature
of atomic deuteriumb), densities of molecular and atomic
deuteriumc) and atomic ionization rate d) are plotted by
dashed lines. The dash-dotted vertical line indicates the
position of LCFSin projected 1D geometry.
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