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Two very contrary particle confinement stages were obtained at TEXTOR-DED by application of resonant
magnetic perturbations. On the one hand a spontaneous build up of the total number of particles Ntot with
correlated increase in the particle confinement time sp was observed and on the other hand a controlled
decrease of Ntot and sp – the so called stochastic particle pump out is seen. Numerical analysis of the per-
turbed magnetic field topology shows that both domains can be distinguished by the ratio of short con-
nection length field lines touching a specific resonant flux surface (here the q ¼ 5=2 surface) to the
complete perturbed layer width. During improved particle confinement, the hyperbolic fixed points
(X-points) of the pitch resonant islands are directly connected to the DED target followed by an
K 40% increase in sp. The subsequent increase in the E� B shear rate XE�B at the q ¼ 5=2 surface and
a steepening ofrneðrÞ suggests a reduction of the radial particle transport. On the opposite, complete sto-
chastisation of this island chain, i.e. a predominant diffusive field line characteristics, causes a K 30%

decrease of sp with a reduction in XE�B at the q ¼ 5=2 surface and rneðrÞ indicating enhanced effective
outward particle transport.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Perturbation of the confining magnetic field by resonant mag-
netic perturbations (RMP) is a modern method to control the plas-
ma edge transport. It facilitates particle and energy exhaust in the
island and helical divertor concepts for stellarators [1]. In poloidal-
ly diverted H-mode plasmas, application of RMP allows for mitiga-
tion [2] and complete suppression [3] of harmful edge localized
modes. Here, particle pump out has been observed [4] and 2D
modeling with SOLPS5 [5] as well as 1D analytical modeling [6]
suggest an enhanced radial particle transport due to magnetic field
line diffusion explaining the decrease in the particle confinement
observed. The application of RMP in future fusion devices such as
ITER and W7-X requires an understanding of the perturbed mag-
netic field structure and the correlated modification of transport.

At TEXTOR the dynamic ergodic divertor was designed as a flex-
ible tool investigating various aspects in application of RMP [7].
The poloidal ðmÞ and toroidal ðnÞ base mode numbers of the reso-
nance spectrum can be set to m=n ¼ 3=1;6=2;12=4. Variation of
the base mode spectrum as well as of the plasma equilibrium
ll rights reserved.

tz).
modifies the perturbed magnetic topology and transport character-
istics of the perturbed edge layer induced [8]. Herewith, a fair
agreement between plasma structures and the vacuum modeled
perturbed field structure was revealed unless tearing modes are
driven by the DED field [9]. In this contribution it is demonstrated
that by application of the DED induced RMP field an improvement
of the particle confinement [10] as well as a controlled deconfine-
ment – the so called stochastic particle pump out – can be achieved
and a correlation of both confinement stages to the vacuum mod-
eled magnetic field topology is shown.

2. Experimental observation of improved particle confinement
and particle pump out

Application of the DED produced RMP field leads to a character-
istic increase and decrease in Ntot and the actual change depends
on the level of edge stochastisation. To show this, we discuss in this
section results from two discharges with similar equilibrium at
qa ¼ 3:5 and therefore with comparable coupling of the DED im-
posed RMP field in m=n ¼ 6=2 base mode. Both discharges were
positioned in the center of the vessel at R0 ¼ 1:75 m which means
that both, the ALT-II belt limiter as well as the DED target surface
covering the complete center post area represent the limiting
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surfaces. The only quantity changed in between the two discharges
is the ratio Br=BT of the perturbing field Br to toroidal field BT due to
adaptations of BT for diagnostic purposes by 10%. Therefore, prac-
tically these discharges were identical in the experimentally setup
and the only quantity changed for analysis purpose was the DED
current IDED in order to obtain both particle confinement stages
investigated.

In Fig. 1, the occurrence of a spontaneous density build up at a
very moderate level of IDED ¼ 1:75 kA is shown. The line averaged,
central electron density time trace ne l:a:ðtÞ is depicted with left
ordinate in green color (please see electronic version of paper for
color figures) for the no-DED reference discharge and in blue with
perturbation applied. The density increases by 15% at t ¼ 2:0 s
while TeðtÞ measured at the plasma center (right ordinate, with
black for perturbed and magenta for unperturbed discharge), stays
constant. The obvious increase in the energy confinement follows
the positive density scaling of sE at TEXTOR [10]. Fig. 2 shows
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Fig. 1. Electron density neðtÞ (left ordinate) build up in correlation to the electron
temperature TeðtÞ (right ordinate) and to the DED current IDEDðtÞ (left ordinate).
Here neðtÞ with out DED (#107426) is compared to a case with a density increase
due to DED application (#107427).
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Fig. 2. Electron density neðrÞ and temperature TeðrÞ (upper row) and their gradients rn
steepen in 0:92 < WN during the density increase indicating a reduced radial transport i
the radial profiles of neðzÞ and TeðzÞ for the complete plasma col-
umn and the gradientsrneðzÞ andrTeðzÞ from Thomson scattering
with blue color for the unperturbed case and red with perturbation
applied. A clear steepening of the density gradients in the plasma
edge region ð0:18 m < z < 0:3 mÞ is apparent while rneðzÞ and
rTeðzÞ remain unchanged further inside. The profile flattening on
the very boundary can be explained by the laminar zone and local-
ized magnetic flux tubes [8]. As the Thomson scattering system is
not on the magnetic axis of this plasma equilibrium [11], the inner
boundary of the gradient steepening region was mapped to the
plasma equilibrium. The values in normalized poloidal flux WN

are displayed in Fig. 2 which shows that steepening of the gradient
for this particular discharge was limited to a region of WN > 0:92.

Raising the DED current further causes vanishing of the density
increase and leads instead to decreasing Ntot in even correlation to
IDED as shown in Fig. 3. The color and ordinate conventions are as
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eðrÞ and rTeðrÞ (lower row) from Thomson scattering. Both, neðrÞ and TeðrÞ profiles
n this region.
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Fig. 3. Electron density neðtÞ (left ordinate) reduction in correlation to the electron
temperature TeðtÞ (right ordinate) and to the DED current IDEDðtÞ (left ordinate).
Here, neðtÞ with out DED (#105783) is compared to a case with a density decrease
due to DED application (#105784).
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Fig. 4. Electron density neðrÞ and temperature TeðrÞ (upper row) and their gradientsrneðrÞ andrTeðrÞ (lower row) from Thomson scattering. Here, neðrÞ flattens in 0:85 < WN

during the density reduction indicating an increased outward particle transport while a maintained or even slightly increasing TeðrÞ gradient show marginal change of radial
conductive energy transport.
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before. In contrast TeðtÞ stays unaffected showing a convective loss
of confined energy. Fig. 4 shows in the same layout as before neðzÞ
and TeðzÞ profiles and gradients rneðzÞ and rTeðzÞ. Here a flatten-
ing of rneðzÞ by 30% in maximum and localized in WN > 0:85 is
apparent. The extension of this region with modified gradients in-
creases from WN ¼ 0:92 to WN ¼ 0:85 between these two confine-
ment stages. The changes in gradients for the particle pump out
compare well to a diffusion dominated picture as described e.g.
in [5,6], where an increased particle transport is explained by an
increase of the effective outward particle diffusivity D? eff . In con-
trast, the increase in gradients connected to the density increase
points to an improvement in confinement and reduction of trans-
port as indicated in measurements of the E� B shear rate XE�B. This
is discussed in the last section of this paper. Before we describe the
particle balance applied in order to quantify the changes in con-
finement in measures of particle confinement times sp and s�p.

3. Particle balance

The time dependent global particle balance in a single reservoir
model reads:

dNtot

dt
¼ �Ntot

sp
þ frecUrec þUext ¼ Uext �Upump; ð1Þ

with the total number of electrons Ntot , the recycling flux Urec with
the fueling rate frec and the external flux Uext ¼ fNBIUNBI þ fgasUgas

with the fueling rate fNBI for the neutral beam influx and fgas for
the gas influx. These fueling rates are difficult to measure and they
are matter of changes in the plasma edge parameters. However, for
sake of simplicity we use frec ¼ 0:7; f NBI ¼ 1:0 and fgas ¼ 0:1 as val-
ues used in the particle balance studies for radiative improved
mode (RI-mode) experiments at TEXTOR [12].

The most challenging ingredient to determine sp is the recycling
flux Urec on the wall elements. To extract this quantitatively from
experiment a tangentially viewing CCD camera (camera 4 de-
scribed in [11]) was used. It observes about 1/3 of the toroidal cir-
cumference of the different wall areas in TEXTOR, including the
carbon DED target on the inner wall, the two poloidal limiters
and one complete ALT-II blade. Therefore, these lines of sight allow
to cover the three-dimensional features of the perturbed edge layer
under DED application [8]. It is important to note that for the given
discharge setup with plasma centered at R0 ¼ 1:75 m in the vessel,
none of the limiting surface protrudes into the perturbed edge
layer but the are intersected by the perturbed field lines diverging
radially outward due to the DED perturbation at the high field side
(HFS). There is no rapid transition between the limiter setup and
the perturbed boundary discharge but the stochastic layer estab-
lishes linearly with increasing DED current [8,9].

An extended description of a particle balance similar to the one
applied here and of the underlying assumptions can be found in
[13] and the basic atomic and molecular physics is described in
[14]. The CCD camera was calibrated against the calibrated flux
Ugas from a gas inlet during a density ramp. This translates the
measured CCD intensity ICCDðtÞ in counts s�1 into an absolute recy-
cling particle influx Urec ¼ UA þUM as sum of the molecular flux
UM and of the atomic flux UA. The conversion factors S=XB and
D=XB (see [14]) need to be reflected in this calibration which gives
already a direct functional of ICCDðUgasÞðtÞ ¼ ccal �UgasðtÞ. Since the
analysis presented in [13], the carbon DED target – covering about
1/4 of the poloidal circumference of TEXTOR inner wall – was
implemented. As the discharges discussed here were positioned
at a major radius of R0 ¼ 1:75 m both, the ALT-II limiter and the
DED target represent major limiting surfaces for the plasma. There-
fore, we use in particular for the ionization rate ratios between the
different wall elements the ALT-II values for the recycling fluxes on
the DED target. In [13], S=XBALT ¼ 22 on ALT-II limiter, S=XBgas ¼ 20
on gas feed and S=XBALT ¼ 17 on ICRH limiters (here also poloidal
limiters) and the halo emission in between the limiting wall ele-
ments was used. As we calibrated ICCD against the gas inlet we take
these different S=XB values into account as normalized factors rel-
ative to the value for the gas inlet. We also assume negligible den-
sity dependence of S=XB for a typical edge plasma Te range of 20–
100 eV [13]. The calibration factor ccal eventually obtained is there-
fore used as a constant value during analysis and adapted by a ratio
of UA=UM � 2=3 for the composition of the gas cloud during cali-
bration [14].



Fig. 5. Increase of the particle confinement time sp with IDED and the correspondent
evolution of the laminar and stochastic layer width DWN for the IPC topology.
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The particle influx injected by the neutral beams Ubeam was cal-
culated from the beam acceleration voltage and the species in-
jected [15] introducing an aperture factor for the opening of the
beam duct for power control. The particle influx Ugas from the three
TEXTOR gas inlets was calculated from the pressure drop in each
reservoir. This analysis shows that particle inventory is build up
by gas feed during the plasma build up ðt K 1:0 sÞ and eventually
maintained by a dominant Urec ’ 1022 s�1 and the beam injected
particles of Ubeam ’ 1020 s�1. The gas injected building up the
plasma density is pumped away to a large fraction ð� 98—99%Þ
as we find Upump � Ugas during t K 1:0 s. This was reflected in a
low fueling efficiency coefficient fgas ¼ 0:1 for Ugas.

Based on this balance, we calculate sp ¼ Ntot=½ð�dNtot=dtÞ
þfrecUrec þ fextUext� as particle confinement time and s�p ¼ Ntot=

½ð�dNtot=dtÞ þUext � as effective particle confinement time. Both
quantities together allow to characterize the particle confinement
and determining the recycling coefficient R ¼ 1� ðsp=s�pÞ. It is
important to note that changes in sp are not inevitably related to
changes in the radial transport. A model describing this for circular
plasmas with a perturbed boundary was introduced in [16]. Here,
the stochastic boundary is described as a shell with the inner
radius b and the unperturbed minor radius a as outer boundary.
This yields to sp ¼ ðn0bÞ=ð4neD?Þ � ða� rÞ for b 6 r 6 a. This 1D
description shows that in particular a shrinking effective minor
radius b as inner boundary of the perturbed edge, will lead to a
decrease in sp due to a geometrical effect by introducing a stochas-
tic edge layer.
Fig. 6. Decrease of the particle confinement time sp with IDED and the correspon-
dent evolution of the laminar and stochastic layer width DWN for the PO topology.
4. Correlation of particle confinement and magnetic topology

In this section the manipulation of Ntot by the RMP applied is
analyzed in terms of sp and s�p as generic quantities describing par-
ticle confinement and their dependency on the effective minor ra-
dius b of the stochastic layer is resolved. In dedicated experiments
plasma position and qa were adapted such that stochastisation of
one rational flux surface, here i.e. the q ¼ 5=2 surface, became
dominant. For discharges aiming at an increase in Ntot , the local
perturbation amplitude Br

5;2 was decreased in increasing qa, i.e.
moving the q ¼ 5=2 surface away from the perturbation source.
The rational for this experiment was the observation described in
[10], that the improved confinement occurs stepwise with con-
necting the X-points of pitch resonant magnetic island chains to
the DED target, without destroying the complete island chain. This
yields the hypothesis that the confinement stage depends on the
level of stochastisation of the innermost perturbed island chain.

In order to deduce the effective minor radius in the perturbed
edge layer, we employ numerical modeling of the magnetic topol-
ogy in the vacuum approximation, i.e. superimposing the RMP field
on an axisymmetric equilibrium without any plasma feedback. A
heterogenous poloidal structure of different field line connection
lengths Lc and a direct correlation to localized transport changes
was revealed [8]. For the following analysis we reduce this 3D
description to averaged radial profiles LcðWNÞ, with WN as normal-
ized poloidal flux and deduce from this the extension of a laminar
zone and an stochastic layer following [17]. The 3D traced field lines
are analyzed at one toroidal position and the connection length to
the target is averaged along the poloidal angle. Subsequently the
LcðWNÞ profile is compared to the Kolmogorov length LK . Herewith,
the laminar zone as extension of the scrape off layer with predom-
inant direct parallel transport to the target is distinguished from
the stochastic zone. Here, the field line connection length is longer
than LK as typical decorrelation length along field lines and en-
hanced diffusive transport characteristics shall prevail. Therefore,
field lines with Lc < LK are referred to as laminar zone, field lines
with Lc > LK belong to the stochastic zone.
Fig. 5 shows the results of this analysis of the 3D perturbed
edge layer in comparison to sp for discharges with density build
up on different levels of IDED. The left ordinate shows the width
of laminar and stochastic layer as DWN lam ¼ 1�WN lam and
DWN stoch ¼ 1�WN stoch. The width of both layers are depicted as bars
and the length of the complete bar shows the complete extension
of the perturbed edge, i.e. the reduction of the effective minor ra-
dius b discussed earlier. The red bars with } markers as boundary
depict the laminar layer width while green bars with �markers as
boundary depict the stochastic layer width. In addition the position
of the q ¼ 5=2 flux surface is indicated as horizontal solid line. The
right ordinate shows the change of sp normalized to the IDED ¼ 0 kA
reference discharge. For IDED ¼ 2:0 kA the increase is marginal as in
comparison to the topology the extension of the perturbed layer is
small and the q ¼ 5=2 surface is not affected here. Extending the
perturbed layer width to this q surface for IDED ¼ 4:0 kA and most
pronounced for IDED ¼ 6:0 kA; sp increases showing that the ob-
served increase in Ntot is caused by an improvement of the particle
confinement. At IDED ¼ 7:5 kA, the stochastic layer completely ex-
tends to the WNðq ¼ 5=2Þ surface and in particular the laminar zone
jumps inward. This leads to a reduction of the confinement level
reached and represents the transition point towards the particle
pump out. The correspondent scan for the particle pump out sce-
nario is shown in Fig. 6 in same layout. The q ¼ 5=2 surface was



Fig. 7. E� B shear rate XE�B at the q ¼ 5=2 surface for PO and IPC scenarios as a
function of IDED . The increase of XE�B with IDED at this flux surface potentially
reduces the outward transport while a decrease of the E�B shear rate is capable
decreasing the outward transport below the original L-mode transport level.
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moved closer to the perturbation source and for same DED currents
a reduction of sp with increasing DED current was detected. The
q ¼ 5=2 surface is nearly reached already with IDED ¼ 2:5 kA by a
large contribution of stochastic field lines. Extending the stochastic
layer width over this flux surface leads to a further reduction of sp

and eventually reaching further in with the laminar zone, as seen
for IDED ¼ 7:5 kA, leads to a maximum reduction of about
Dsp � 22%. This shows that stochastic field lines with high field
line diffusion cause a decrease in particle confinement. Therefore
in this case enhanced diffusive radial transport is a possible candi-
date while a sudden extension of the laminar zone shall be able to
reduce the particle confinement due to direct parallel particle
losses.
5. Comparison to E � B shear rate and conclusions

The analysis of sp during dedicated changes of the magnetic
topology shows that the increase in Ntot is caused by an improve-
ment of net particle confinement quantified by sp while the sto-
chastic particle pump out shows a degradation of the particle
confinement. However, the effective radius b is reduced for both
confinement stages showing that the effect observed is not only
a geometrical effect. Concerning the plasma source distribution,
the analysis of the ionization length kio shows that it does not expe-
rience a strong change but stays roughly constant at kio � 3:5 cm
for comparable density of ne ¼ 3:0� 1019 m�3. This means that
the manipulation of the dominant plasma source, i.e. the recycling
flux Urec , is marginal and therefore not an explanation of the parti-
cle confinement changes observed. Therefore, the actual change in
particle confinement must be linked in a more complex way to the
underlying transport. Experimental evidence for transport changes
stems from measurements of the radial electric field by means of a
hydrogen charge exchange diagnostic beam [18]. Here, a correlated
change of the E� B shear rate XE�B at the q ¼ 5=2 surface was
observed as shown in Fig. 7. The discharge series exhibiting an in-
crease in sp show an increase in XE�B at q ¼ 5=2 from
XE�B ¼ 0:2� 1015 s�1 to XE�B ¼ 1:5� 1015 s�1 with increasing DED
current. This is in line with rneðrÞ steepening discussed in the
beginning and suggests a reduction of radial transport due to en-
hanced shear and is in agreement with findings on reduced turbu-
lent transport from an analysis in DED m=n ¼ 3=1 base mode
operation as reported in [19]. For the particle pump out a reduction
from XE�B ¼ 0:9� 1015 s�1 to XE�B ¼ 0:6� 1015 s�1 is observed and
a final increase up to XE�B ¼ 1:3� 1015 s�1 at the point where the
laminar zone as SOL penetrates inward.

This analysis provides substantial evidence that the resulting
particle confinement during application of the DED is determined
by the fraction of the deeply penetrating field lines to the complete
perturbed layer width and the ratio of stochastic field lines. Well
dosed perturbation of the plasma edge with a dominant stochastic
zone allows for dedicated control of particle confinement while
strong perturbation with a deeply penetrating laminar zone
strongly degrades the particle confinement. An application of these
findings to limiter H-mode plasmas at TEXTOR is discussed in [20].
Here the H-mode pedestal established is degraded in a controlled
way with a stochastic layer while it is destroyed as soon as the
laminar zone extends the pedestal width. A key question which
still remains open is the eventual access of such a dedicated con-
finement control, i.e. the transition from an improvement in parti-
cle confinement to a degradation, the particle pump out. Both
effects were observed also at Tore Supra, but here strong changes
in the plasma position were mandatory to go from the density in-
crease to a particle pump out phenomenon [22]. The observations
presented here from TEXTOR-DED, were obtained purely by
adaptation of the local perturbation amplitude on the dominant
resonant surface which is the q = 5/2 surface for the setup investi-
gated. The analysis shows that the manipulation of the radial elec-
tric field and of the electron density profiles neðrÞ of the compare
for the pump out case well to concepts in which enhanced radial
ion outflow is caused by manipulation of the radial electric field
and poloidal velocity [6] due to open perturbed field lines [21].
However, the contrary reaction observed, i.e. increase in particle
confinement and interpretation in terms of transport remains an
open challenge for theory.
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