
27th EPS Conference on Contr. Fusion and Plasma Phys.  Budapest, 12-16 June 2000    ECA Vol. 24B (2000) 972
-975

972


First Measurements of Impurity Transport in the Edge
of H-Mode Plasmas at ASDEX Upgrade

R. Dux, A. Geier, A. Gude, R. Neu and the ASDEX Upgrade team

MPI für Plasmaphysik, EURATOM Association, Garching, Germany

Introduction
The confinement of impurities is to a large extent determined by the transport parameters and
the impurity source distribution in the plasma edge. For H-Mode plasmas the transport parame-
ters in the edge of the confined region are dominated by anomalous processes and are temporally
modulated when Edge Localized Modes(ELM) are present. In ASDEX Upgrade H-Mode dis-
charges with type-I ELMs first investigations of the radial transport of silicon and neon in the
edge region have been performed.

Experimental set-up
The evaluation of transport coefficients at the plasma edge requires density profiles with
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Figure 1: Radiative power coeffi-
cients

�������� of Si, C and O folded
with the spectral sensitivity of the
SXR set-up with 100 � m Be-filter in
the case of corona ionization equilib-
rium.

high temporal and spatial resolution. The soft X-ray (SXR)
diagnostics provides the required resolution and can give im-
purity densities from about 1cm inside the separatrix inward.
For the Si(Ne) measurements the soft X-ray cameras had
100 	 m (12 	 m) thick Be-filters resulting in a detection effi-
ciency 
 0.5 for photons in the energy range 2.6-15 keV (1.3-
15 keV). Figure 1 shows the radiative power coefficient � ������
folded with the spectral sensitivity of the SXR set-up with
100 	 m Be-filter in the case of corona ionization equilibrium.
Only the line radiation of H- and He-like Si can pass the Be-
filter. For electron temperatures ��
�� 1 keV, � ������ of the main
impurities C and O is almost two orders of magnitudes be-
low � ������ of the investigated Si. Thus, in this ��
 range the
SXR radiation is very sensitive to Si. e.g. allowing for trace
impurity experiments with Si laser blow-off (LBO). Radial
profiles of ��
 have been determined from combined analy-
sis of the Lithium beam diagnostics and DCN interferome-
try, while ��
 is taken from the ECE radiometer and the Thomson scattering diagnostics.

Edge SXR Profiles during an ELM Cycle
For H-Mode discharges with type-I ELMs and ELM frequency ��������� 100Hz, a slow radial shift
of the plasma column by ��� =3.5cm was performed during the plateau phase of the discharge.
The discharges had neutral beam heating power  �!#" =5MW (D $ D % ), toroidal field &(' =2.5T,
plasma current )+* =1.2MA, line averaged density ,��
 =6.3 -/.1032547698�: , safety factor ; 4=< =3.3 and
average triangularity > =0.15. The radial shift of the plasma column was used to get a dense
spatial grid of measurement points for ��
 and SXR radiation. Measurements during many ELM
cycles were overlayed by mapping onto the time difference to the start of the last ELM �@?7����� .
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Figure 2: A�B , CDB and SXR radiation flux E�FHG�I versus the ra-
dial distance of the flux surface to the separatrix at midplaneJLK

shortly after an ELM (
JNM5O�P�Q

=1ms) and shortly before the
next ELM (

JNM5O�P�Q
=9.5ms): In discharge #12970 ERF�G�I is domi-

nated by Si-radiation (c,e) in #13158 by Ne-radiation (d,e). The
blue (model D) and red lines (model C) in Figures (c-e) are cal-
culated SXR radiation fluxes assuming the two impurity trans-
port models from Figure 3 as described in the text.

In Figure 2 the profiles of S�B , TUB and
SXR radiation flux V F�G�I are shown
versus the radial distance of the flux
surface to the separatrix at midplaneW�X

. SUB (Fig. 2a) and VYFHG�I are mea-
sured with high time resolution and
are shown for a time point shortly
after the ELM at

W@Z O[P\Q
=1ms and

shortly before the next ELM atW@Z O�P�Q
=9.5ms. The measurement

of T�B is ELM averaged (Fig. 2b).
The soft X-ray profiles are shown
for two nearly identical discharges.
Discharge #12970 was shortly after
a silconization of the vessel walls
and 100 ] m thick Be-filters were
used, such that V F�G�I is strongly
dominated by radiation from Si
(Fig. 2c, 2e). In #13158 a constant
Ne puff was applied and 12 ] m thick
Be-filters were taken. Here, the line
radiation of Ne is dominant (Fig.
2d, 2f).

The SXR signals are shown versusW�XD^`_ba
, i.e. the radial coordinate of

the flux surface, which is tangential
to the line-of-sights at the measure-
ment time. For both impurities, a
strong modulation of V1F�G�I during an
ELM cycle is observed for

WcX�^�_dafe
gih1j cm, which can not be explained
by the change of S�B or TUB . This is ob-
vious for the channels which are nearly tangent to the separatrix (compare Fig. 2c with 2e and
2d with 2f for

WcXk^`_ba�l
0). Here, each ELM produces a large positive spike in a plasma region

with S�B l 100eV.

The temporal evolution of V1F�G�I in both discharges was used to test the relevance of two 1D mod-
els for the edge impurity transport during an ELM cycle. The features of the two models are
shown in Figure 3. The generally accepted fact that each ELM leads to a loss of impurities in
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 velocity. Thus, the ELM can only cause a loss of the impurity content if the impurity den-
sity in the edge of the confined region develops a negative slope in the quiet phase of an ELM
cycle. Since the impurity source is located outside the separatrix, an inwardly directed pinch
must be present in the quiet phase. In model C, the transport in the quiet phase was assumed
to be purely diffusive. Here, the ELM has to induce a strong outwardly directed drift velocity
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to cause a loss of impurity content and a reduced rise of the diffusion coefficient in the edge
region was assumed. The diffusion coefficient in the quiet phase was set equal in both models.monqp�r+sutHv

strongly decays from the edge to the center for
p3r�swtHx

0.85 as was previously measured in
H-mode discharges in ASDEX Upgrade [1,2]. A maximum value of

mzy|{~}��
2m � /s was used. In

the region of the edge transport barrier the diffusion coefficient was set to
mc�5�5�+�����f�d�

m � /s. The
values of

mLy�{�}
and

mi�q�5�+�
are consistent with measurements of the impurity decay times after

Si-LBO in this type of discharges, however, a lower value of
m �q�w�+�

would be equally consis-
tent, 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.
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Figure 3: Two models for the radial profiles of the
diffusion coefficient � and the drift velocity � during
an ELM and in between ELMs versus the radial dis-
tance of the flux surface to the separatrix at midplane�L�

: In model D the ELM transport is purely diffu-
sive with an inward pinch in between ELMs, while
in model C a large outwardly directed convective
transport is induced by the ELM with purely diffusive
transport in between ELMs.

For both models, the impurity density distri-
bution and the according SXR radiation dur-
ing an ELM cycle were calculated with the
STRAHL code [1]. The background SXR
emission due to carbon was considered in
both cases by using the concentration from
charge exchange recombination spectroscopy
(CXRS) with values of �1�9� 1%. For the dis-
charge with Ne-Puff (#13158), 0.04% Si con-
centration was assumed in accordance with
the emission before the start of the Ne-puff.
Finally, the calculated SXR emission was in-
tegrated along the line-of-sights and the evo-
lution of the calculated radiation fluxes was
compared with the measurements of Figure 2.

The blue lines in Figure 2c-e give the results
for model D while the red lines show the ra-
diation fluxes for model C. In #12970, model
D gives a better agreement for the profile be-
fore the ELM (2e). The results from model C
would agree with the same profile (2e) when
turning the poloidal angle of the SXR cam-
era by 0.5

s
, which is within the present uncer-

tainty of the measured camera orientation. The profile after the ELM (Figure 2c) is equally well
described by the models and the agreement gets worse when turning the camera orientation. For
#13158, the differences of the two models can be seen more clearly, since He- and H-like Ne
radiates at lower temperatures. Again, model D gives a better agreement after (Figure 2d) and
before the ELM (Figure 2f). Turning of the camera by 1

s
would lead to good agreement of model

C for the profile before the ELM, however, the description of the profile after the ELM would
be even worse. Thus, model D gives better agreement with the measurements. Further improve-
ment of this analysis by inclusion of ELM-resolved � � measurements and a reduced uncertainty
of the camera orientation is envisaged.

ELM-averaged gradients of edge Si density
The ELM-averaged Si density gradient in the edge of type-I ELMy H-Mode discharges
was determined for various pedestal densities and temperatures. For all discharges, neu-
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tral beam heating power was ���#� =5MW (D � D � ) and most of the measurements re-
sult from a density scan at toroidal field ��� =2.5T, plasma current �+� =1MA and safety
factor �Y�=� =4 with line averaged densities in the range  ¡�¢ =4.4-9.0 £¥¤§¦3¨ ��©9ª�« . The scan
was supplemented by discharges with � � =1.2MA(0.8MA), � � =2.5T(1.67T) and �1�=� =3.3.
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Figure 4: Si density at ¬ �+­u® =0.75
(from measured SXR profiles) di-
vided by the Si density in the emis-
sion shell of an SiXII line versus ¯ ¢
at ¬ ��­w® =0.9 and calculated radial lo-
cation of the emission shell (blue +:
model D, red ° : model C)

For discharges, which were shortly after a siliconization of
the vessel walls, the Si densities at normalized poloidal flux
label ±²�+­u® =0.75 could be inferred from unfolded SXR radia-
tion fluxes. A background SXR emissivity according to 1%
C concentration was used in these calculations. In a few
other discharges, Si was injected with quasi continous LBO
( ³µ´·¶\¦ Hz) for about 1s and the change of the SXR emis-
sivity ¸�¹=ºH»�¼ due to the LBO was used to determine the Si
density.

The ELM averaged Si density in the transport barrier re-
gion was calculated from line radiation emitted by Li-like Si
at ½ =49.9nm (SiXII: ¶Y¾�¿Y� «�À ¿ �Á¶�ÂÃ¿YÄ ¨ À ¿ ) which was mea-
sured on a radial line-of-sight at midplane. The calcu-
lated radial location of the emission shell of this line, i.e.Å ± �+­u®qÆ ¹ ®ÈÇbÉ�Ê�Ë ´ ÌN¹ ®ÈÇbÉ ± ��­w®ÎÍ�ÏuÐ ÌN¹ ®ÑÇdÉ Í�Ï , is depicted in Figure 4
versus Ò ¢ on the top of the pedestal at ± �+­u® =0.9 ( ¸�Ó�Ô -5cm).
It is inside the separatrix and depends on the steepness of the
temperature profile in the edge transport barrier and on the
transport parameters.

Å ± �+­u®qÆ ¹ ®ÈÇbÉ�Ê�Ë is shown for the two trans-
port models from Figure 3, where a constant ELM frequency
of ³ÖÕ�×\Ø =100Hz is used (blue +: model D, red £ : model C).
In model D, the emission shell is shifted towards the center
due to the inward pinch term by ¸@± ��­w® Ô -0.05, which corre-
sponds to ¸�Ó�Ô -2.5cm.

The upper part of Figure 4 shows the ELM-averaged ratio of
the Si density at ±��+­u® =0.75 to the density at ±���­w®HÙ 0.9 versus Ò ¢ ( ±��+­u® =0.9). Again, this ratio de-
pends on the used transport model due to the calculated Si density from the VUV-line. The differ-
ences become most pronounced for the steepest Ò ¢ edge profiles, i.e. at high Ò ¢ ( ± �+­u® =0.9). Both
models do not yield a large change in the impurity density ratio. For model D, which showed
better agreement with the measurements in the previous section, the form of the edge impurity
profiles seems to be independent of the pedestal temperature. However, measurements of the
exact position and width of the SiXII emission shell would be needed to reduce the uncertain-
ties in the evaluation procedure and to get a conclusive result. We plan to measure the emission
profile of the SiXII line using a spectrometer which is equipped with a scanning mirror near the
plasma edge.
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