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Introduction

Detachment studies at AUG in L- and H-mode revealed that, when the inner divertor is
strongly detached while the outer one remains attached, the ionization front close to the inboard
separatrix has moved to the X-point and electron densities of the order of 10°°m~—> are mea-
sured spectroscopically at the X-point. Simultaneously, radiative fluctuations appear in the high
field side (HFS) divertor close to the X-point and a second high density region (~ 102 m~3)
forms in the scrape-off layer (SOL) at the HFS [1]. In H-mode, this so called HFS high den-
sity (HFSHD) spans out to p,,; ~ 1.15 (or 10 times the power decay length A,) into the far
SOL and extends well above the X-point, measured independently by spectroscopy and inter-
ferometry [2]. Furthermore, in the all-tungsten AUG, high performance discharges are usually
conducted with medium to high gas fuelling rates where the HFSHD is always present. Seeding
of impurities has been shown to improve the plasma confinement [3, 4], and also reduces the
HFSHD and the corresponding neutral flux density I', grs (typically by 50 — 70 %).

Here, we will discuss the influence of the heating power, edge o |
density, fuelling rate and plasma current on 7, and the spatial ex-
tent of the HFSHD and show that there is a correlation between
the n, yrsup reduction and confinement improvement due to im-
purity seeding. ost
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Discharge and diagnosic overview

The main diagnostics used to investigate the HFSHD are of
shown in figure 1. The local n, in the inner divertor and HFS
SOL is determined by Stark broadening analysis (SBD) of the
spectroscopically measured Balmer D¢ line [6]. While the spec-
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troscopic system covers the entire divertor region, we focus here
only on two lines of sight (LOS), named DIV and HF'S view. -«
The two LOS intersect also the LFS SOL, but the D, emission in - AN

this region is more than one order of magnitude lower than the T s
emission in the inner divertor and thus negligible. In addition, _ .

two reflectometers measure the n, profiles at Fhe LFS and HFS l;elilgf pri'ssgévgafgglzi dtorzj
mid-plane [5]. Neutral fluxes are measured with AUG pressure flectometry (cyan) and edge den-
gauges. The gauges used here are situated at the entrance to the sity interferometer (purple)
inner divertor, at the outer mid-plane and below the divertor private flux region (PFR).

For this work, a set of 27 lower single null H-mode discharges with a magnetic field of Br =
—2.5T and a plasma current of 0.8 or 1.0MA has been analyzed. The inner divertor plasma is
always detached at the vertical target component (flat ion saturation current profile) whereas the
outer divertor plasma remains attached. The total additional heating power Pror in this database

*See http://www.euro-fusionscipub.org/mst1
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1.2 spans from 3 — 16 MW, consisting mainly of neu-
;'Z: tral beam heating (NBI), electron cyclotron heat-
0:6_ ing Pecy < 2MW and, in some case, ion cyclotron
0.4l heating Pjcy < 4MW. The feed forward gas fu-
ool elling rate varies from 6 x 10?9 — 3.4 x 10>%el /s.
0.0] Figure 2 shows time traces of a typical discharge
ol from the database. During the current ramp up

< 6l phase of the discharge, the plasma fuelling and
§ the heating power are simultaneously increased.
N In the flat-top phase of the discharge, the fuelling
2 is kept constant, resulting in an approximately

0 constant main plasma density and divertor neu-

i tral pressure, and the heating power is increased

) I [e22el/s] further. Correlated with the increase of the heat-

5 ing power the HFSHD develops. During the high-

: / [y [e22el/s] \ est heating phase, densities of 8.5 x 10*m~3 and

ol © Mi 3.4 x 10°°m—3 are measured with the DIV and
_gl@ DIVLOS  HFSLOS HFS LOS (see Fig. 1), respectively, which is more
ZE ol than one order of magnitude larger than the sep-
g il aratrix density. The neutral fluxes in this region,
2 [N ey AN, o I, urs increase up to 2.5 X 103 el/s, which is
<2l ' about 500 times the neutral fluxes at the outer mid-
2(_3,_ © plane I'; ;,,,, see Figure 2e. Moreover, the n, pro-

ol T, s [1€22 €l/s] files at the HFS and LFS mid-plane are similar be-

15 ' owp [1820 €l/s] fore the HFSHD formation with a separatrix den-
1ol sity of ¢ sep ~ 3 x 10" m =3, When the HFSHD is
st present, the LFS n, profile is almost unchanged,

, but at the HFS a density of n, = 6 x 10"m™3

2 Hime [s] 8 (which is the maximal measurable density of the

reflectometry system) is measured at a normalized
Figure 2: Time traces of a typical discharge of poloidal radius of p,,; ~ 1.09. For details see [5].
the database. See text for explanation Later in the discharge, nitrogen (sometimes also
krypton in addition to nitrogen) is injected into the divertor private flux region while the heating
power is kept constant. The impurity seeding leads to an increase of the plasma stored energy
Wynp from 600 to 800kJ and also reduces n, and I, yrg in the HFSHD region.

High field side high density scaling

This section evaluates the dependence of the HFSHD on Pror, I, (or gos as Br is constant),
the plasma fuelling and the main plasma density. Figures 3a-d shows n, measured with the DIV
and HF'S LOS versus Pror for I, = 0.8 MA and I, = 1.0MA, respectively. The color scale rep-
resents the applied deuterium fuelling. The increase of the HFSHD with Pror is clearly visible
in both LOS and both currents. For the DIV LOS, i.e. at the entrance of the inner divertor, it
is at a given Pror approximately independent of 1, (gos), see Fig. 3a,b. In contrast, in the HFS
SOL (HFS LOS), n, is higher in I,, = 0.8 MA discharges at a given Pror. Thus, the spatial ex-
tent of the HFSHD from the entrance to the inner divertor towards the HFS mid-plane is larger
with lower I, (higher gos). This is revealed in Fig. 3e, where n, grspp(DIV) — ne arsap(HFS)
is shown. Furthermore, the poloidal gradient (as well as the absolute value) of n, yrsup to-
wards the HFS mid-plane increases with heating power, independent of 1, (g95). In order to
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disentangle the dependence of the fu-
elling and plasma density on the HF-
SHD, we first need to discuss the effect
of I'p on 7, egge. In 1.0MA discharges,
the plasma density does not change with
fuelling levels I'p > 0.5 x 10*2el /s (Fig.
3f). Hence, the increase of the HFSHD at
a given Pror (Fig. 3a, ¢) is due to the fu-
elling rate I'p and independent of n, ,4ge-
However, with I, = 0.8 MA, there is a
clear increase of 7,44 With increas-
ing I'p until I'p ~ 1.8 X 1022 el/s, then
Ne edge almost saturates. The increase of
the HFSHD at a given Pror < 7MW
(Fig. 3b,d) is thus caused by the increase
of ng ¢qge. Above Pror = TMW, the in-
crease of the HFSHD at a given Pror
is smaller and mainly caused by the in-
creased fuelling rate. To sum this up, as
long as n, .4g. can be increased with the
fuelling rate I'p, there is a strong, indi-
rect influence of I'p on the HFSHD via
the 7, ¢qqe Increase. Otherwise, the HF-
SHD still increases with I'p, but this is
a smaller effect. Finally, there is a clear
correlation between the HFSHD and the
neutral fluxes in HFS SOL I, yrs, as
shown in Figure 3g,h. The increase of
the HFSHD with I';, yrg is independent
of Pror, neeage and the fuelling rate I'p,
but there is a different scaling for differ-
ent I, (qo5). Moreover, at a given I, g,
the HFSHD extent is larger at lower 1,
(higher ggs). It is important to note that
there is no correlation between the HF-
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Figure 3: (a-d) HFSHD versus total heating power, (e)
edge density versus fuelling rate, (f) difference of DIV
& HF'S LOS versus total heating power, (g-h) HFSHD
versus neutral fluxes in the HFS SOL.

SHD and the neutral fluxes in the PFR, i.e. the divertor neutral pressure (not shown).

Correlation between the reduction of the HFSHD and confinement improvement due to

impurity seeding

As already mentioned above, seeding of impurities leads to a reduction of the HFSHD and
also to an increase of the stored energy Wy gp. Figures 4a,b reveal their correlation, where
the HFSHD reduction An, yrsyp is plotted against the confinement improvement AWygp,
which are the differences of the two quantities before and during the impurity seeding (see Fig.
2). Independent of the impurity species, AWygp increases clearly with the absolute value of
An, yrsup for both, the DIV and HF'S LOS. Moreover, the more Ny is injected, the stronger is
An, grsup, which is in Fig. 4c¢, only shown for the HF'S LOS, but the DIV LOS is similar. Note
that the abscissa shows the injected impurity atoms per second. If on top of N, Kr is injected
(Ckr < 3.5 x 10! atoms /s), the HFSHD is reduced even further, which reveals that Kr has the
similar effect as N, on the HFSHD. Moreover, as about 2 orders of magnitude less Kr atoms are
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o5k oo '* ™3 o2 rrsios * ] injected compared to N indicatqs that
020 x %, x 020 " X | the amount of atoms (e.g. Z.rr) is not
2. X 3. * what mattters for the An.ppsup and
;g )GK*%’:: * ; X x X AWyap 1pcrease, but 'Fhe amou.nt of
<010 Ky x % <019 xa? 1 power which can be radiated per impu-
0.5 ;‘:x}m 1 oosky, { rity atom (Lgz). Finally, at higher heat-
L SR _r,,‘a’ 000} ; 5 " <b)z Ing power a strongef conﬁnc?ment 1m-
AN [1€20m7)] AN, g [1€20 7] provement can be achieved (Fig. 4f), de-

Y uesios ] oz ' ' * 1 pending on the impurity injection rate.
T3 X 020 x This is consistent with the observations
3 * X 2 ois x that the HFSHD is larger at higher
HZ ¥ K X g%om- y ’}’% X Pror. Therefore, a higher An, yrsyp and
;’”1_ y 197 X, * X ox hence AWygp can be reached, given that
x X8 % 0.05¢ X x X enough impurities are injected. It must

oy Koo 0 ook 1 be noted that the outer divertor always

[y 1621 atoms/s] Pror [(MW] remains attached in this database and,
thus, at higher Pror it is also possible to

Figure 4: (a,b) Confinement improvement versus HF- . . . "
Inject more 1mpurities.

SHD reduction for the DIV & HFS LOS, (c) HFSHD
reduction versus the impurity seeding rate in atoms per Conclusions
second for the DIV LOS, (d) Confinement improvement All together, this indicates that the
versus total heating power. HFSHD and the correlated neutral fluxes
I';, nrs are governed by the local recycling in the inner divertor, which is mainly determined by
Needge and the power reaching the HFS SOL. The recycling fluxes under these conditions are
about 1 —2 orders of magnitude larger than the gas fuelling rate, which has only a weaker effect
on the HFSHD. Moreover, the spatial extent of the HFSHD is smaller at higher 7, (gos).
Finally, there is a clear correlation between the reduction of the HFSHD An, yrsyp and the
confinement improvement AWy g p due to impurity seeding. The higher An, yrsup, the stronger
AWyEp, irrespective of the impurity species. Consequently, at higher Pror and hence higher
ne. HFSHD» @ higher AWy yp can be achieved, provided that there is enough impurity injection,
which radiates power in the SOL, to reach a high An, yrsgp. This is all consistent with the fact
that in the old AUG and JET C-machines the confinement was generally better due to different
operational boundary conditions such as the fuelling [7]. Similar to N, C radiates mainly in the
SOL and is always present in the SOL as it is produced even at low temperatures via chemical
sputtering. Hence, the HFSHD, which was also observed in AUG-C [8], could be intrinsically
reduced in C-machines, leading to a better confinement. The correlation between An, grsup
and AWyyp due to impurity seeding can only be quantitatively investigated, however, with
extensive 2D simulation codes such as SOLPS, where the HFSHD has not been successfully
reproduced yet.
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