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Abstract: For ASDEX Upgrade H-Mode discharges, the core plasmaimpurity transport has been investigated in
the qui et phase between sawtooth crashes. For theelementsNe, Ar, Kr and Xethe diffusion coefficient in the center
isD < 6 x 107°m?/s and rises with the radial distance from the center. With increasing Z number the transport
becomes strongly convective with inwardly directed drift velocities that produce very peaked impurity densities
for high Z. The calculated neoclassica diffusion coefficient and drift velocity are close to the experimental values
for the lower Z elements Ne and Ar. The calculated drift velocity istoo small by afactor of 10 for Kr and Xe. For
these elements, toroidal rotation of the plasma leads to an increased impurity density on the outboard side of the
flux surfaces which is not taken into account by the neoclassical caculations. The outboard/inboard ratio for Kr is
~ 1.5 and the toroidal Mach number Mo & 2.

Investigations of Si and Ne transport in the edge region, i.e. the region of the temperature pedestal and the steep
temperature gradient zone, yield an inwardly directed drift vel ocity in the quiet phase between ELMs. The inward
pinch is observed in the radia range of the steep temperature gradient. The transport induced by an ELM is best
described by avery high radial diffusion coefficient rather than by an outwardly directed drift velocity.

1. Introduction

It has been found on several tokamaks that the radial impurity transport in the confined plasma
strongly decreases from the edge to the core [1,2]. Furthermore, the transport coefficients are
temporally modulated due to macroscopic instabilities, i.e. in the core due to sawteeth and at
the edge of H-mode plasmas due to ELMs. In ASDEX Upgrade H-mode discharges measure-
ments of impurity transport with high temporal resolution have been performed to determinethe
transport coefficientsin the time intervals between such macroscopic instabilities.

2. Impurity Transport in theCore

Four different gases (Ne, Ar, Kr, and Xe) were puffed at the mid-plane during the steady-state
phase of type-I ELMy H-mode discharges with neutral beam heating power Py =5MW, toroidal
field Br=2.5T, plasmacurrent | ,=1 MA and safety factor ggs=4. The line averaged density was
Ne=7.5x10m=2 which is 60% of the Greenwald limit Ngy. Three soft X-ray (SXR) cam-
eras with 100um thick Be-filters (detection efficiency >0.5 for photonsin the energy range 2.5-
15keV) served as the main diagnostic tool for this study. Using time averaged datawith atime
resolution of Ata~1ms, the soft X-ray radiation fluxes from typically 65 lines-of-sight were
unfolded assuming an emissivity profilethat is constant on flux surfaces. This one dimensional
emissivity profilees.(p) represented all measured radiation fluxeswith deviations below 5% (p
denotes the poloidal flux label). To reduce the background, the emissivity modulation, which
was observed during a time interval At=150ms before the gas injection, was assumed to per-
sist during the puff phase. Thus, the change Aesy due to the puffed impurity was obtained by
subtracting a time dependent background. An example for this procedureisgivenin Fig. 1.

FromAg(p) theimpurity density profilesn, (p) of the puffedimpurity were cal culated using mes-
sured electron density and temperature profiles. The radiative power coefficient LP" of the re-
spective impurity folded with the energy dependence of the detection efficiency of the SXR de-
tectors (including the Be foil) was derived from a collisional-radiative model (ADAS database
[3]). Fort —terash > 3msthe fractional abundances are nearly in ionisation equilibrium and are
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FIG. 1: For t=1.95-3.0s Kr was puffed into the dis-
charge. The electron density ne and electron temper-
ature T in the center and at p=0.3 (g~ 1) are weakly
disturbed. In the third frame the time traces of the
central soft X-ray emissivity s andthe background
emissivity are depicted.

linear x2—fit to the measured density development for p <0.4.

An example of the fitting procedure is shown in Fig. 2
where one sawtooth period for Kr is depicted. Note, that
the sawtooth period is too short to reach an equilibrium
distribution of the impurity density and that the sawtooth
crash leadsto aflattening of the Kr density profile. Assum-
ing a standard deviation of 20% for the impurity density
the standard deviation of D and v was calculated from the
curvature of x2 in the fit parameter space and is shown as
bandsin Fig. 2a

Fig. 3 shows the line averaged diffusion coefficient (D)
and drift velocity (v) for the radial range 0.1<p<0.3 ob-
tained fromtypically 10 sawtooth cyclesversusthelineav-
eraged impurity charge (Z) in the sameradial range. Neg-
ativevaluesof (v) represent inwardly directed drift veloci-
tiesand positive values outwardly directed drift velocities.
With rising impurity charge Z the convective transport in-
creasingly dominates over the diffusive transport whichis
very small with (D) < 6 x 107?m?/s. The drift velocity is
aways inwardly directed. For Kr and Xe the ratio (v/D)
reaches enormous values of (v/D) ~ —35m™1.,

Neoclassical transport parameters were calculated with
STRAHL/NEOART. STRAHL solves the coupled set
of radia transport equations for every ion stage [2,4].
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FIG. 2: Kr density evolution for sev-
eral poloidd flux labels p (Fig. 2b,
dashed lines) and the solution of the
transport equation (Fig. 2b, solidlines)
withD andv from Fig. 2a

NEOART solves for a given impurity charge state distribution the set of linear coupled equa-
tions for the parallel velocities[5]. The resulting neoclassical transport parameters are the sum



of aclassical, a Pfirsch-Schliter and a banana-plateau term [6]. The classical fluxes are given
by Eq.(5.9) and (5.10) in Section 5 of Hirshman and Sigmar [6]. The equations for the banana
plateau contribution are equal to that used by Houlberg [7]. The Pfirsch-Schliter contribution
is calculated from the coupled equations (6.1-2) and (6.14-15) of Hirshman and Sigmar [6], as
described in Ref. [8]. NEOART includesthe collisions of the considered impurity with themain
plasmaions and all other impurities. Toroidal rotation of the plasmais not taken into account.
Equal temperatures of mainion D and impuritiesTp = Ty = T was assumed.

The neoclassical valuesare shown in Fig. 3 asbands repre-
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FIG. 3: Line averaged values over
the radial range 0.1<p<0.3 of mea-
sured and neoclassical diffusion co-
efficient D and drift velocity v as a

purity density on aflux surface and the poloidal variation of
the impurity density due to toroidal rotation of the plasma
is small for the lighter elements Ne and Ar. However, for
the heavier elementsKr and Xe with Mach numbersaround
2, poloidal asymmetries are important. For Kr, the asym-
metry isclearly observable and the density on the outboard _ _
side exceeds the inboard value by up to 50%. Thiseffectjs fUnctionof themean atomic charge of
not taken into account by the neaclassical calculationsand e impurity (Z) in that radial range.

might account for the discrepancy of the transport coeffi- 11 neoclassical values are shown as
Gients. bands representing the cases without

The good agreement of measured and neoclassical transport andwith collisionswith C/O.
coefficientsfor the elementswith lower Z creates abasisto

predict core impurity transport in scenarios without sawteeth (" advanced’ tokamak) or with in-
frequent sawtooth oscillations (ignited tokamak plasma) [5].

3. Impurity Transport in the Edge

Thetransport of Si and Nein the edge region of H-mode plasmaswas investigated. For H-Mode
dischargeswith type-| ELMsand ELM frequency fg; y~100Hz, adow radial shift of the plasma
column by AR=3.5 cm was performed during the plateau phase of the discharge. The discharges
had neutral beam heating power Py =5MW (D—D™), toroidal field Br=2.5T, plasma current
1p=1.2MA, line averaged density Ne=6.3x 10%m~3, safety factor qgs=3.3 and average triangu-
larity 6=0.15. Theradial shift of the plasma column was used to get adense spatial grid of mea-
surement pointsfor Te and SXR radiation. Measurements during many ELM cycles were over-
layed by mapping onto the time difference to the start of the preceding ELM Atg| .



In Fig. 4 radia profiles of Te,
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of Neisdominant (4d,f).

FIG. 4: T, ne and SXR radiation flux ls, versusthe radial dis-
tance Ax of theflux surface to the separatrix at mid plane at dif-
ferent times during an ELM cycle. The black (model D) and
grey lines(model C) in Fig. (c-f) are calculated SXR radiation
fluxes assuming the two transport models from Fig. 5.

The SXR signals are shown versus
MNXmin, i.€. the radial coordinate of
the flux surface, which is tangential
to the lines-of-sight at the measure-
ment time. For both impurities, a
strong modulation of |s, during an ELM cycleisobserved for Axyin> —10cm, which can not be
explained by the change of Te or ne. Thisis obvious for the channels which are nearly tangent
to the separatrix (compare 4c with 4e and 4d with 4f for Axin~0). Here, each ELM produces a
large positive spike in a plasmaregion with Te~100eV.

Thetemporal evolution of |s in both discharges was used to test therelevance of two 1D models
for the edge impurity transport during an ELM cycle. The features of the two models are shown
inFig. 5. The generally accepted fact that each ELM leadsto aloss of impuritiesin the confined
region was the starting point of the two models. In model D, the ELM was assumed to cause a
strong rise of the diffusion coefficient in the edge region without an outwardly directed drift ve-
locity. Thus, the ELM can only cause aloss of theimpurity content if theimpurity density in the
edge of the confined region devel ops anegative dopein the quiet phase of an ELM cycle. Since
the impurity sourceislocated outside the separatrix, an inwardly directed pinch must be present
in the quiet phase. In model C, the ELM induces areduced rise of the diffusion coefficient and
a strong outwardly directed drift velocity to cause aloss of impurity content. Here, the trans-
port in the quiet phase is purely diffusive. The diffusion coefficient in the quiet phase was set
equal in both models. D strongly decreases from the edge to the center for p<0.85. A maximum
value of Diax=2m?/swas used. In the region of the edge transport barrier the diffusion coeffi-
cient was set to Dedge:O.szls The values of Dmax and Degge are consistent with measurements



of the impurity decay times after Si-LBO in thistype of discharges, however, alower value of
Dedge Would be equally consistent, if the location of the transport barrier is moved towards the
separatrix. The loss of impurity content during an ELM is ~6% in both cases.

The impurity density distribution and the accord-
ing SXR radiation during an ELM cycle were cal- 25— ———[p] ] {D]
culated with STRAHL for both models. The back- SN

ground SXR emission due to carbon was con-
sidered using the concentration from charge ex-
change recombination spectroscopy (CXRS) with R R R
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values of cc ~1%. For the discharge with Ne-Puff sp—————~[c] 2o ]
EMon—7 L&
(#13158), 0.04% Si concentration wasassumed in =~ g ,| A AT e on fi ]
accordancewiththeemission beforethestart of the £ A Elool
Ne-puff. The calculated SXR emission was inte- ° [ ELMof 0 E off\/'\ Vi
grated along the lines-of -sight and the evolution of 15 10 50 45 10 50
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the cal culated radiation fluxesis compared with the
measurementsinFig. 4. Theblack linesinFig. 4c-
f give the results for model D while the grey lines
show the radiation fluxes for model C. In #12970,
model D givesabetter agreement for the profilebe-
forethe ELM (4€). Theresultsfrommodel C would agree with the same profile (4€) when turn-
ing the poloidal angle of the SXR camera by 0.5°, which is within the present uncertainty of
the measured camera orientation. The profile after the ELM (Fig. 4c) isequally well described
by the models and the agreement gets worse when turning the camera orientation. For #13158
(Fig.4d,f), the differences of the two models can be seen more clearly, since He- and H-like Ne
radiate at lower temperatures. Again, model D gives a better agreement after (Fig. 4d) and be-
forethe ELM (Fig. 4f). A mix of C and D with outward drift during the ELM and inward drift
inbetween ELMs showed good agreement before the ELM and a poor fit after the ELM. Thus,
an edge transport model with an inward pinch inbetween ELMs and diffusive transport during
the ELM yieldsthe best description of the measurements. Further improvement of thisanaysis
by inclusion of ELM-resolved n. measurements is envisaged. Transport model D is aso sup-
ported by CXRS-measurements of the Co+-density. The ELM-averaged density profiles of Co+
can only be explained when assuming an inward pinch at the plasma edge.

FIG. 5: Two models for D andv at the plasma
edgeduring an EL M and in between EL Ms ver-
sustheradial distance of the flux surfaceto the
Separatrix at midplane Ax.
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