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Abstract

A new set of carbon tiles, neutral beam heating optics and gas baffles were installed on TCV during the baffled divertor
upgrade in early 2019. The installation of the baffles allows a deconvolution of the roles of main chamber and divertor
neutral pressure on the H-mode pedestal structure. This physical barrier allows relatively high neutral pressures to be
constrained to the divertor, thus preventing neutrals from entering the main chamber and potentially degrading core
confinement. This study presents the experimentally measured and modelled pedestal heights and structure for a series
of H-mode discharges prior to and after this upgrade.

Increased pedestal performance at high divertor neutral pressure was observed after the baffled divertor upgrade.
This was consistent across all triangularities and outer target locations investigated and is attributed to higher pedestal
top temperatures being maintained at high gas injection rates. ASTRA simulations indicated beam heating power
coupled to the plasma did not significantly vary after the baffled divertor upgrade or as a function of divertor neutral gas
pressure. Analysis of the pedestal structure exposed a strong correlation between pedestal performance and the density
pedestal position prior to and after the baffled divertor upgrade. The baffled divertor upgrade limited the outward
shift of the density pedestal, thus maintaining higher pedestal performance at high divertor neutral pressures. Stability
analysis indicated the majority of discharges studied were within 25% of the stability boundary. No correlation was
found between the distance from the stability boundary and pedestal performance or structure. Comparison with the
EPED1 model indicated that TCV discharges do not have a fixed dependence between pedestal 5y and pedestal width.
A large variation in the EPED1 relating parameter was observed and found to vary with the density pedestal position.

Keywords: Pedestal, baffles, TCV

1. Introduction v degrading the pedestal stability [3, 4, |5]. No definitive ex-
planation has yet been produced for JET and TCV but
a correlation with the relative shift in temperature and
density pedestal positions has been reported |6, [7, I8, 19].
An understanding of the structure of the pedestal is
given in terms of the EPED framework [10]: the pedestal
gradient is set by a transport limit (often taken to be a
kinetic ballooning mode (KBM) or similar proxy) while
the combination of the gradient and pedestal width (ul-
timately, the pedestal height) is determined by the onset
of a global peeling-ballooning mode (triggering an ELM
crash). A characteristic pedestal cycle begins with a steep-
ening pressure gradient until a maximum limit is reached.
This limit is dictated by transport and modelled using
KBM stability as a proxy. The pedestal width then in-
creases at the maximum gradient until the PB stability
boundary. The gradient limit can be inverted to a relation
1 between the pedestal height and width (w) to give the

*Corresponding author s well known dependence with pedestal poloidal 3 (82¢4):
Email address: umar.sheikhQepfl.ch (U. Sheikh)
1See the author list of S. Coda et al 2019 Nucl. Fusion 59 112023.36 w = D Béjed'. The parameter D relates to the pedestal

2See the author list of B. Labit et al 2019 Nucl. Fusion 59 086020.

The high confinement plasma mode (H-mode) is de- iz
fined by an edge transport barrier that produces strong
temperature and density gradients termed the pedestal [1]. "
This operational mode produces the highest performance "
discharges and it is currently foreseen that next step fusion N
devices will operate in H-mode with a detached divertor. .
Access to detachment is primarily achieved through addi- ”
tional fuelling and puffing of impurities and this can have a e
significant influence on the pedestal, which has been shown ”
to be strongly linked to fusion yield |2]. N

Experiments on ASDEX Upgrade (AUG), JET and un- N
baffled TCV have shown that increased fuelling can reduce "
pedestal performance. Analysis of AUG discharges showed u
a change in the high field side high density (HFSHD) re-
gion, which led to an outward shift in pedestal position, “
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gradient and thus to the transport [10].

In early 2019, TCV was fitted with new graphite tiles,
improved neutral beam heating (NBH) optics and a baf-
fled divertor. The NBH optics were designed increase NBH
power into the plasma chamber by 10% through a reduc-
tion in beam duct losses. To simplify the comparison be-
tween the discharges prior to and after the upgrade, the
presented NBH power is the total beam power entering
the main plasma chamber (total NBH power minus beam
duct losses). The introduction of baffles is expected to
significantly reduce the neutral population at the edge of
the plasma [11, 12]. This in turn is expected to influence
the turbulence dominated transport at the plasma edge,
which can significantly alter pedestal performance [g, [10].
Investigation of transport through the D parameter from
the EPED1 model allows for comparisons with unbaffled
discharges and a decoupling of the roles of main cham-
ber and divertor neutral pressure on the H-mode pedestal
structure.

2. Experiment Description

TCV is a carbon walled machine with strong shap-
ing capabilities and a recently installed divertor baffle [11,
13, 14]. Stationary ELM-y H-mode discharges have been ,,
achieved in Ohmic only scenarios and with auxiliary heat- ,
ing through NBH and/or electron cyclotron resonance heat-,
ing (ECRH). Standard gas injection is from the divertor ,
floor and this was maintained in all discharges presented in
this study. A high resolution Thomson scattering system
is used to measure T, and ne at the locations indicated ,,
by red squares in Figure [l A high spatial resolution re-
gion near the separatrix is equipped with filters optimised
for lower T, measurements (down to 10eV), providing en-
hanced measurements of the pedestal [15]. o1

The Thomson scattering system uses three lasers with
a pulse rate of 50ms providing profiles every ~17ms in
standard operation. The lasers can be operated in burst,,
mode, allowing for three profiles in 3ms with a 50ms de-
lay between bursts and this mode of operation is preferred
during ELM-y H-mode plasmas. All measurements ob-,
tained within the last 30% of the ELM cycle are combined,,
and fitted with an mtanh function as described in [16, [17].
The profiles are radially shifted such that the seperatirx
temperature is set to 50 eV, a value obtained from previous
TCV database scaling [18].

3. Results

A total of 364 H-mode discharges carried out in the
MST-1 campaign since the installation of the NBH sys-
tem on TCV were investigated in this study [19]. They
were analyses for stable ELM-y H-mode operation with
constant plasma parameters and sufficient pre-ELM mea-
surements to produce pedestal profiles. A database of 261"
pedestal profiles were produced over a range of :emuxiliauryi12
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Figure 1: Left - Unbaffled TCV configuration with representative
Rt locations. Thomson scattering measurement locations shown in
red squares. Right - Baffled TCV configuration with two represen-
tative triangularities. Additional divertor Thomson scattering loca-
tions were installed with the baffles.

heating powers, plasma currents, top triangularities (d1),
nitrogen seeding and dueterium fuelling rates as shown in
Figure 2l The NBH heating powers presented are defined
as the power entering the main plasma chamber.

Figure [2] was used to determine regions of high data
density and comparable discharges prior to and after the
upgrades. Scenarios with a plasma current of 170kA and
NBH of 800-900kW entering the main plasma chamber
were identified as the most routinely operated and thus
the analysis will be primarily restricted to these. This sce-
nario has previously been shown to produce type-1 ELMs
through a reduction in ELM frequency with decreasing
auxiliary heating power |[§]. There are a limited number
of discharges with ECRH and this is due to the poor cou-
pling in beam heated H-mode plasmas, resulting in large
uncertainties in absorbed power. Therefore, the relatively
few discharges with ECRH are omitted from this analysis.
Fuelling rates of up to 10%! e/s and nitrogen seeding rates
up to 10?%e/s were applied during the discharges. For
simplicity, fuelling and seeding rates will be categorised as
outlined in Table[dl

Table 1: Ranges of no/low, medium or high fuelling and seeding
rates.

Fuelling Seeding
No/Low (e/s) <1019 0
Medium (e/s) | 109 - 10?2V | 103 - 10%®
High (c/s) >10% >107

3.1. Core, Pedestal and Divertor Performance

Core performance was evaluated using the ITERH-98(y,2)
scaling criteria and is shown as a function of divertor pres-
sure and ELM averaged total radiated energy in Figure
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Figure 2: Overview of discharges analysed. Top - Injected auxiliary
heating power, middle - upper triangularity and plasma current, bot-
tom - nitrogen seeding and fuelling rates.

BIA and B. The colors represent baffled (red) and unbaf-
fled (black) discharges, with the symbol shape indicating
the fuelling rate and the symbol size representing the ni-
trogen seeding rate. The entire range of 7 and outer
divertor targets (Ry) is included in this figure. A decrease

in ITERH-98(y,2) with increasing divertor pressure was'
measured for both divertor configurations but a weaker'*
decrease was measured after the baffled divertor upgrade.*

Discharges after the upgrade were also able to produce 2-

146

3x higher total radiated energy at ITERH-98(y,2) greater
than 1, providing clear evidence of increased performance.'*
Pedestal performance as a function of divertor pressure*

and line averaged density is presented in Figures BIC and

150

D. The highest Ppeq achieved before and after the divertor'™

upgrade was comparable. Discharges after the baffled di-

152

vertor upgrade were able to maintain pedestal performance'®

at 2-3x higher divertor neutral pressures. The pedestal

154

pressure decreased with increasing line averaged density,
implying the pedestal stability is limited by the ballooning'*®

boundary, as previously shown in [g].

157

Coupling of NBH with the plasma was estimated througt

ASTRA modelling[20]. Modelling of a subset of discharges

159

indicated divertor neutral pressure and the baffled diver-'*

tor upgrade did not systematically alter the coupled NBH

161

power. A representative set of six discharges with approx-'*

imately 500kW of coupled NBH power at varying Ppeq™

3

and divertor pressures is indicated by green arrows in Fig-'*

ure BIC. Experiments are currently being conducted in the
open divertor configuration to validate this.
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Figure 3: ITERH-98(y,2) as function of divertor pressure (A) and
ELM averaged total radiated energy (B), Ppeq as a function of di-
vertor pressure (C) and line average density (D). Green arrows in (C)
indicate discharges with the same NBH power coupled to the plasma.

The pedestal top T, and n, for a range of divertor
pressures are presented in Figure @ Prior to the divertor
upgrade, a decrease in pedestal top T, was observed with
increasing divertor pressure. Discharges after the divertor
upgrade show pedestal top T, being maintained across a
range of divertor pressures. The pedestal top ne is shown
to vary by +25% with no clear trend across the range
of divertor pressures, indicating pedestal fuelling is likely
saturated at low divertor pressures. The degradation of
energy confinement and T, with increasing divertor neu-
tral indicates that core energy transport is stiff but particle
transport is not.

The influence of ét and Ry on stored energy and Ppeq
is presented in Figure Bl Discharges after the divertor up-
grade produced generally higher ITERH-98(y,2) and Ppeq
across the range of dp. No trends between ITERH-98(y,2)
and 61, Ppeq or Rt were observed. A weak declining trend
in maximum achievable Peq was found with increasing ér
Figure 5 (middle) and its cause has not yet been identified.
It can be concluded from the large variation in Ppeq for a
given d1 or Rt that the influence of shaping is significantly
lower than that of the divertor pressure or baffled divertor
upgrade.
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8.2. Influence of Fuelling and Seeding Rates

Degradation of the H-mode pedestal with high fuelling
and nitrogen seeding rates has previously been reported
on TCV with an open divertor and the extended results of
this work, shown in Figure[l support that finding []]. The
discharges after the baffled divertor upgrade showed lower
Ppea degradation at fuelling and seeding up to 102%e/s,
after which a sharp decrease in Ppcq was observed. The
Zeg. was inferred by a fitting formula based on numeri-2o4
cal simulations using neoclassical codes, as prescribed byz2os
the Sauter bootstrap current model [21, 22]. This ap-20
proach uses the experimentally measured Thomson Scat-207
tering profiles and loop voltage. It was observed to gen-2e
erally decrease at medium and high fuelling rates (¢ andzo
+ symbols). Post upgrade discharges produced an almostawo
constant Z.g. with increasing divertor pressure, indicatingau
significantly reduced neutral particle interaction with the12
core. 213

214
3.3. Pedestal Structure 215

An outward shift in the ne pedestal location, has been?'
shown to reduce Ppeq [5]. Figure [0 presents the Ppeq as?”
a function of the T, pedestal position, n. pedestal po-*®
sition and the relative difference between the two. The®"
pedestal position is defined by the location of the maxi-??°
mum gradient and a negative value in the relative posi-**
tion indicates the T, pedestal is further out than the n.??
pedestal. A decrease in Ppeq was measured as the T, and?®
ne pedestal positions moved outward prior to and after the®**
baffled divertor upgrade (Figure [JA and B). The T, de-**
clined sharply outside ¥n of 0.98 and n, decreased steadily?*
as the n, pedestal position moved beyond n of 0.96. The?”’
outward shift of the n, pedestal leading to a degradation??®
in Ppeq has also been observed AUG and JET[5, I6]. The>®
relative outward movement of the two positions does not?*
produce a clear trend in P, (Figure [IC). The seperatrix®
density (n, — Sep) was observed to strongly correlate with?®
the outward shift of the n, pedestal position (Figure[1D).>3
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Figure 5: ITERH-90(y,2) (top) and Pycq (middle) with é.
a function of Rt (bottom).

Ppeq as

4. Stability Analysis

A stability analysis was conducted on ~45 discharges
to determine if the pedestal was on the critical bound-
ary. The input parameters were the experimental equi-
libria, stored energies and measured T, and n. profiles.
Ton temperatures (T;) were assumed to be equal to T,
in the pedestal region and varied in the core to match
the total stored energy. This assumption was validate
as the electron stored energy was approximately half of
the total stored energy for these discharges. Previous Zeg
scans between 1 and 3 resulted in a variation of Ppeq of
15% and thus this analysis used a constant value of 2 for
simplicity|€]. The pedestal density was fixed while the T,
and T; gradients were scaled at constant width to pro-
duce a line of pedestal heights. The current density pro-
files were constrained with bootstrap current inferred from
the Sauter model [21, [22]. High resolution equilibria were
then calculated using the HELENA code and the stabil-
ity boundary was calculated using MISHKA for toroidal
mode numbers between 1 and 40 [23,124]. The critical Ppeq
could then be calculated using the experimental pedestal
width.

Figure [§ presents the ratio of the experimental Ppeq to
the critical Ppeq as a function of ¢4 (top), o7 (middle)
and Zeg (bottom). The discharges at 170kA with 800-
900kW of NBH are shown as bright symbols with the re-
maining dataset shown in faded symbols. The dashed hor-
izontal lines indicate a £25% variation between the critical
Pped and the measured Ppeq. The bulk of the dataset is
found to lie within these values and suggests the pedestals
analysed in this study are close to the stability boundary.
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No systematic difference was found after the baffled diver-
tor upgrade and no correlation between distance from the
stability boundary and the Pped, 8%, 67, ne—sep, Zefts
pedestal position or divertor pressure was observed.

5. Comparisons with Modelling 263
264
The correlation between pedestal width and 8}¢? isws
presented in Figure [@(top). The fits from DIII-D, AUGas
and CMOD are overlaid for comparison [10]. Previouslyz
reported TCV data was shown to not lie on any one sin-2ss
gle fit and the D variable was found to vary from 0.05
to 0.13[8]. The baffled divertor upgrade and inclusion of
additional discharges present a similar result: TCV dis-
charges do not follow the EPED1 approximation and the,,,
value of D varies between 0.02 and 0.3. This is in-line with,,,
results reported on JET where D was found to vary be-,,
tween 0.05 and 0.2 [6]. The bright baffled dataset (170kA,,,
with 800-900kW of NBH power) has an almost constant,,,
ﬂép ed- with a factor of two variation in pedestal width. This,,
strongly indicates that as transport increases, the gradi-,,
ent flattens and the width increases to maintain the same,,,
By ed- at a different value of D. -
The difference between TCV measurements and the,,
EPED1 model predictions were previously partly attributed,,
to relative changes in the T, and n, pedestal positions,,,
which are not accounted for by the model [§]. Figure [,
(middle) indicates that the inferred value of D does not,,
correlate with the relative positions of T and n. pedestals.,q,
Figure [@ (bottom) suggests a weak decrease in D with an,g
outward shift in the density pedestal position, indicating,g
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Figure 7: Pedestal top pressure variation with Te pedestal position
(A), ne pedestal position (B) and difference in Te and ne pedestal
positions (C). ne — Sep as a function of ne pedestal position (D).

a reduction in cross-field transport as the density pedestal
moves outward. No clear difference was observed between
the baffled and unbaffled cases and transport simulations
investigating the effect of neutrals on the plasma edge and
the pedestal using the SolEdge2D-EIRENE code are still
on-going |25, 126].

6. Conclusion

A database of ELM-y H-mode discharges prior to and
after the baffled divertor upgrade has been examined. Dis-
charges with 170kA plasma current and 800-900kW of
NBH at varying fuelling and nitrogen seeding rates were
the primary focus. It was found that P,cq was maintained
after the baffled divertor upgrade at higher divertor pres-
sures; a Ppeq of 1.5 kPa was maintained at up to 4x higher
divertor neutral pressures, resulting in up to 3x higher to-
tal radiated energy without ITERH-98(y,2) degradation.
This result was shown to be consistent with changing 7
and R¢. ASTRA modelling indicated the upgraded NBH
optics did not systematically increase the coupled NBH
power. These results indicate the baffled divertor up-
grade has improved divertor performance whilst maintain-
ing core performance.

Analysis of the pedestal structure showed a clear reduc-
tion in Ppeq with an outward shift in n. pedestal position
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for all discharges. The baffled divertor upgrade reduced,,,
the outward shift at high divertor neutral pressures and,
was thus able to maintain higher P,oq. Stability analysis,,,
of ~45 discharges showed that the bulk of these discharges,,,
were within 25% of the stability boundary. No correlation
between the distance from the pedestal stability boundary
and Ppeq, ﬁfed , 6T, Me—Seps Zeft, pedestal position, diver-’
tor pressure or the baffled divertor upgrade was found. s

Comparison with the EPED1 model indicated that TCV2
like JET, does not follow the scaling between pedes‘ual322
width and £ reported on DIII-D, AUG and CMOD.,,
The relating variable, D, was found to be constant on othersss
machines but fluctuated in this study between 0.02 and3*
0.3. A factor of two variation in pedestal width for the327
same ﬂP ed- was observed in baffled discharges at 170 kA329
with 800-900kW of NBH. The difference between Ppcq3%
measurements and EPEDI1 model predictions was previ-**
ously partially attributed to a relative shift in the T, aund332
ne pedestal positions. The variation in D did not corre-;,
late with a relative shift in pedestal position but decreasedss
with an outward shift of the density pedestal. The baffled®
divertor upgrade did not result in a systematic differencezz;

in D, the model parameter related to transport. 339
340
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