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Introduction

Impurity behaviour in scenarios with internal transport barrier is of special concern since neo-
classical convection might cause strong inwardly directed drift velocities which are not sup-
pressed by anomalous diffusion or MHD phenomena (sawteeth, fishbones etc.). The behaviour
of metallic impurities in JET-discharges with an internal transport barrier (ITB) will be described

in this paper.

Analysis Method
Two soft X-ray (SXR) cameras with 250n thick Be filters (detection efficiency0.1 for
photons in the energy range 2.3-15 keV) served as the main di-

agnostic tool. The SXR cameras cover the plasma cross sectionso jvertical i, #535211
with 35 vertical and 17 horizontal lines-of-sight and time averagee~ 40 “*™" /
data with a time resolution of 1 ms were used. The measured ré— 307
diation fluxes along the line-of-sights were unfolded by assuming 207
constant emissivity on flux surfaces. The local emissivity was 107 (
calculated by fitting;...=exp [ f(p,01)] t0 the measured radiation B
fluxes wheref(p,») is a cubic spline angd,,; is the poloidal flux & 307
label. Poloidal variations of,,,. due to toroidal rotation of the § 20t
plasma were not investigated since the position of the magnet% 10!
axis is not known with sufficient precision. The SXR emission
was analysed to gain information about the impurity composition, |

. . . & 60+
The dependence ef,.. on the impurity density:; and the electron &
densityr. can be written as | [C
n? VA 320 7
€oor = = L3 4+ 0.y np (L — ZL13m). (1) 0 |
Zp T Zp 1.0 -0.5 0.0 0.5 1.0

pol. flux label
The first term gives the radiation for zero dilution while the Sel—cl'gurel' Measured radiation

_ond term_ co.ntalns the ra(_jla_tlon caused by each impuiitglud- fluxes for two SXR cameras
ing the dilution of the main iorD. For the plasma core, the MeaR, 1) and fitted local emissiv-
charge”Z and the total soft X-ray power coefficients” (includ- .
ing the detection efficiency of the setup) of each element ca

. R o : feulated radiation fluxes
calculated using coronaionization equilibrium and thus are mai

¢ ) fthe el e Th I icd ﬁ&lm the fit are shown as a
unctions of the electron temperatufe The relevant atomic data olid line (a,b).

were taken from the ADAS database [1], while the detection e?fl-
ciency was calculated from the tabulated coefficients of Henke [2].

Figure 1 gives an example for the unfolding procedure for discharge #53521. The high level of
eso IN the plasma centre can not be explained by low-Z impurities (Be, C and Ne) which mainly

riéé(c) for #53521 at t=50.7s.
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cause bremsstrahlung in the core. The strong emission must be due to the line radiation of metal-
lic elements and Niis assumed to be the predominant metallic impurity. The radiation from low-

Z elements is calculated by taking the impurity densities of C and Ne (for discharges with Ne
puffing) from CXRS and by increasing the C emission by 50% as an estimate for the contribu-
tion from other low-Z elements Be, N and F. Ni densities were calculated from the remaining
differenceAe,,, =€ .r-€r 10wz. The calculation of Ni densities frode,,.. could be checked by
analysis of a discharge with Ni laser ablation. The laser ablation (LBO) caused only a negligible
change of.. andT, and the SXR emission of Ni could be gained by taking the differeneg.of

after the LBO to before the LBO. About 20% of the ablated Ni particles could be found in the
volume withinp,,; = 0.75 which is in agreement with the expected penetration of Ni.

I TB Dischargeswith High Performance
Figure 2 gives the evolution of the impurity densities in the reversed shear discharge #51976
with a high performance ITB of 1 s duration. The toroidal

field is By=3.4T and during the high power phase of the #51976 58S
discharge, the rising plasma current has an average vall% *- B~ %46.2 s
of 1,=2.2 MA. The application of Lower Hybrid Current,\lo_T. ﬁjg:gz
Drive(LHCD) during the current ramp phase results in a rg:

versed shear current profile at the time of the application
of the main heating power. During the high power phase 2
(t>45s) the plasma is constantly heated with 17 MW of NBI 5t
and 4 MW of RF. A strong barrier iff;, T, andrn. forms °5g4 i
at tv45.9s [3]. The total neutron rate reaches a maximum, |
value of 4.1x10's™'. A constant Ne puff is applied for < 1|
t>44s. 0

The profile evolution of’;, n. and the densities of C, Ne ancLlAlg_
Ni is shown for four time slices. Before the formation off 6}
the strong barrier, at t=45.8%; shows an almost constantS 4
gradient length, and the impurity density profile is hollow or %'
mildly peaked. At=46.2 s, the normalizefl gradient is in-
creased at a mid plane radius/®3.5 m. The radius with % 2
the increased normalizefi gradient shifts towards largers I
radii for the following time slices at=46.6 s and=46.8s. =
This movementis due to the expansion of the barrier locationOt
and to the increasing Shavranov shift. For the later times, t[}gl. Ni

radial region of the’; barrier location is depicted by the ver- £ -

— - ~

tical light grey bar. Inside that regicfi becomes progres- o | hN

_ . - " N 3
sively flat. Heren. and the impurity densities develop the ~ [ e
strongest gradient. The radial region with increased gradientg_l 33 35 37

of the densities is given by a darker grey bar in Fig. 2. The R[Z=Z 6] (M)

impurity peaking increases with the impurity chatgend is Figure 2:  Evolution of the radial
weakest for C and strongest for Ni. The cen#gl; is dom- profiles of 1, n., nc, ny. andny;
inated by Ni and reaches a valuef; ;=3.5 fort=46.9s.  for the discharge #51976.

In equilibrium, the radial gradient of the densityat radius- (impurity or electron density) de-
pends on the ratio of the radial drift velocitythe diffusion coefficienD at this radius and the
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source() insider.

1 dn®? v 1 r
= — — d
n dr D Dn"'qr/o Qrr (2)

For the electron density profile, both terms have to be considered since there are central elec-
tron sources due to the neutral beam fueling. For the impurity densities, however, the source is
located in the scrape of layer and the peaking of the impurity densities is given by the/riatio

Neo-classical transport parameters of standard neo-classical theory were numerically evaluated
with STRAHL/NEOART [4,5]. For impurity/, the neo-classical diffusion coefficieht_, and
drift velocity v.__ have the form

neo

1 dny 1 dT;
DI — DX Y 2 : n,X - %0 /T,X__ 3
neo ;ZJ: 1J Uneo ~ EJ:(CIJ ny dr + CrJ TJ dr )7 ( )

where the summation ovefincludes all specieg+#7and the summation oveY shall denote
the classical, banana-plateau and Pfirsch+&ehEontribu-
tion. The coefficientsim,., are proportional to the diffusion 4| #51076
coefficient of each contribution times the impurity charge"g.\10 callisions of Ni m
c¥; o« D71/ 7. If the weight of the different contribu- i g
tions does not change too much with, v,., is almost pro-
portional toZ; D,,.,. The density gradient terms in the equa-
tion forv,,., drive inwardly directed convective fluxes, while 198
the temperature gradients yield outwardly directed drift ves~ 1°[ Ni
locities. £ One”
: . : L gl 8-10r C
In Fig.3a, the collision frequencies of Ni with D, C, Ne and S ool g
Ni are shown for #51976 at46.6 s. The collisions of Ni oLl P
with C and Ne are as frequent as the collisions with D and 31 32 32 39 S5 86 37 38
had to be considered in the neo-classical calculation. There- o
. . o igure 3: Radial profile for the col-
quired gradients of the densities andigfwere taken from | . . :
. - . lision frequencies of Ni and the ratio
the experiment as shown in Fig.2, where the deuterium den- S
. . ; . , Uneo/ Dneo for C, Ne and Ni in dis-
sity follows fromr., the impurity densities and quasi neu-
. ; . charge #51976 atE46.6 s.
trality. Equal temperature of all ion species was assumed.”In
Fig.3b the calculated radial profile of.,/ D,.. is depicted for C, Ne and Ni. Close to the axis
(R<3.35m) the poloidal field becomes very low, the orbits of trapped particles are very large and
standard neo-classical theory may not be applied. In the region with weaker temperature gradi-
ent and pronounced electron peaking (dark grey bar in Fig.3b and 2), the neo-classical transport
is strongly convective with inwardly directed (negative) drift velocities . The absolute value of
Uneo/ Dneo YiseS WithZ as experimentally observed. In the region with the strong temperature
gradient (light grey bar in Fig.3b and 2) the drift term is close to zero or becomes outwardly di-
rected for the case of Ni. Thus the impurity behaviour can be understood in terms of neo-classical
transport, where the drift velocities are governed by the ratio of the temperature to the density
gradient. The calculated values9f,, however, have a high uncertainty due to the uncertainty

of all the gradients which enter into eq.(3) and the comparison is thus more qualitative.

!
(‘2

~ 3L
= 10

Long I TB Discharges
In Fig.4 two reversed shear discharges (#53521 in black, #53697 in grey) with long ITB phases
are compared. The toroidal field 8,=3.4 T. During the shown time interval, the plasma
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current has a constant value E2 MA

for #53521 and/,=1.8 MA for #53697 ‘?'; 6

and in both discharges the plasma i§ ‘2‘»

heated with~15MW of NBI and 3- 2 8

4 MW of RF. LHCD is applied through- s of

out the discharges. The total neutron=

rate is in the range 1.0-240'°s™!. In 19F

#53521, the ITBin the ion channel is sus-g 10f

tained for 27 confinement times [6]. ~ 8'

The temperature$; and 7. and the Ni (:E 431:

densityny; close to the plasma centrég ii
and at half radius are shown. Two hori-~ 46 47 48 49 51 52
zontal interferrometer channels (central, t(s)

and half radius) give the evolution of thesigure 4: Time traces forf n.dl, T., T; andny; for two
electron density profile.7. and7; are reversed shear discharges (#53521 in black, #53697 in
similar in both discharges with somewhajrey) with long ITB phases are compared.

stronger gradients in #53521. The elec-

tron density, however, shows a pronounced difference and evolves a stronger peaking in #53521,
wheren ; becomes extremely peaked. The correlation between density peaking and Ni peaking
can be understood in terms of neo-classical transport as discussed in the previous section. For
#53521 att~50.7 s, the accumulated Ni is the dominahf; contributor with central/, ;=7

and the dilution due to Ni id\r. /n.=20%. The central SXR emissiep..=0.6x 10° Wm~3 (see

Fig.1) corresponds to a calculated local radiation loss=Gf4x 10° Wm~=2, which is about the
central heating power density into the electrons. Thus, the loss of confinenebldt s, which

is very strong in the Ni channel, is probably a radiative collapse. MHD events, which lead to a
sawtooth like signature df., correlate with a decrease of the Ni peaking, which might become
very strong as for #53697 &t50.1 s, where the central radiation is too low to explain a radiative
collapse. Here, a n=1-mode is observed, followed by a decrease of central plasma rotation by
~30%, central particle density is lost and the Ni profile becomes flat. Further investigation is
needed for these phenomena. Carbon density profiles from CXRS peak only slightly stronger
asn. and the concentration of C stays almost constant resembling the same Z dependence of
impurity transport as in #51976.

Conclusion

In ITB discharges with reversed shear, metallic impurities accumulate in cases with too strong
peaking of the density profile. The peaking increases with the impurity charge and is low for the
low-Z elements C and Ne. This behaviour is in agreement with neo-classical convection.
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