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▪ Motivation: L-mode detachment experiments in TCV - PT vs. NT 

▪ The SOLPS-ITER code 
• Physics, equations and geometry 
• Simulation setup and strategy 

▪ Results 
• Reference simulation: attached condition and benchmark with 

experiments 
• Density ramp trends 

▪ Conclusions and perspectives

2Outlook
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3L-mode experiments in TCV

[O. Février, Invited EPS 2023]

26

❑ L-Mode, IP = 220kA, Ohmic only.

❑ Configuration mirrored around R0=0.88m
- NT (Negative Triangularity) : dtop ≈ -0.30, dbot ≈ -0.27
- PT (Positive Triangularity) : dtop ≈ 0.27, dbot ≈ 0.29

❑ Core density ramps, enhanced confinement observed 
in NT discharge 
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Investigating power exhaust in NT plasma

Fueling valve

PT
NT

Can the divertor geometry explain these observations ? 7
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� Can geometry effect explain why NT configurations seem harder to 
detach than PT ? 

� Role of shorter poloidal leg length in NT (vs PT)

� More generally, role of divertor shape ? 

Fueling valve

▪ L-Mode, IP = 220kA, Ohmic heating only  

▪ Configuration mirrored around R0=0.88 m: 
- Negative triangularity (NT):  and    

- Positive triangularity (PT):  and   

▪ In core density rumps, for the same feeling rate,  >  

while 

δtop = − 0.30 δbot = − 0.27
δtop = 0.27 δbot = 0.29

⟨ne⟩NT ⟨ne⟩PT
ne,sep,NT ≃ ne,sep,PT
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4Can the divertor geometry explain these observations ? 7
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� Can geometry effect explain why NT configurations seem harder to 
detach than PT ? 

� Role of shorter poloidal leg length in NT (vs PT)

� More generally, role of divertor shape ? 

Outer target measurements : no rollover in NT plasmas and higher
outer target Te and Qperp

4
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� Jsat roll-over at outer target observed in PT 
plasmas, not in the NT discharges
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� Reduction of OSP Te and heat flux PT, not for NT
� At ISP, low Te in both cases

Increasing line-averaged density
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▪ Reduction of the OSP  and heat flux 
in PT, but not in NT 

▪ Indication of reduced OSP detachment 
in NT with respect to PT  

Te

L-mode experiments in TCV

Fueling valve [O. Février, Invited EPS 2023]

The aim of the simulations is to interpret these results in light 
of SOLPS-ITER modelling
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▪ Motivation: L-mode detachment experiments in TCV - PT vs. NT 

▪ The SOLPS-ITER code 
• Physics, equations and geometry 
• Simulation setup and strategy 

▪ Results 
• Reference simulation: attached condition and benchmark with 

experiments 
• Density ramp trends 

▪ Conclusions and perspectives

5Outlook
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6The SOLPS-ITER code
▪ Model the main mechanisms controlling power 

exhaust in tokamaks and quantitatively estimate 
fluxes on the PFCs  

• time scale ~1s 
• full size device up to DEMO scale

Parallel transport 
(projection on the poloidal plane)

Cross-field 
transport 
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7The SOLPS-ITER code
▪ Model the main mechanisms controlling power 

exhaust in tokamaks and quantitatively estimate 
fluxes on the PFCs  

• time scale ~1s 
• full size device up to DEMO scale 

▪ Cross-field transport: 
• Poloidal and cross field contributions due to drifts 

may also be included 
• The average effect of turbulence as diffusive 

process controlled by ,  

▪ Plasma-neutral interaction and plasma-wall 
interaction:  

• Poloidal and cross field contributions due to drifts 
may also be included

Dn χe,i

5

III. EFFECTIVE FILAMENT DIFFUSION
COEFFICIENT FOR THE SOL

A. Order of magnitude estimate

In the telegraph-type transport model, the effective
diffusion coefficient on the large time scale does result
from a correlated random walk. The underlying micro-
scopic mechanism is based on super-diffusive, ballistically
propagating structures with a typical radial velocity ap-
pearing on a short typical time scale. Such picture is
consistent with the SOL conditions. It also provides a
reasonable order of magnitude estimate. Typical radial
velocities in the SOL are in the order of 102–103 m/s,
typical correlation times in the order of 10 µs. This cor-
responds to typical SOL diffusion coefficients in the order
of 0.1–10 m2/s which are also in the typical range used in
transport codes. In general the radial velocity and auto-
correlation time estimated by the auto-correlation of the
radial velocity fluctuations should be used. A decomposi-
tion in filaments and turbulence without filaments should
not be done. However, it can be assumed that the fila-
ments will determine the auto-correlation function. In
such a case approximating the typical radial velocity by
the filament velocity ũr ≈ ub and the typical time scale
by τ ≈ δb/ub seems reasonable approximations. This re-
sults in an effective diffusion coefficient of Dtele = ubδb.
In the typical sheath connected regime appearing in at-
tached conditions ub ∼ δ−2

b , hence Dtele ∼ δ−1
b . As the

temperature does not change much in the SOL the typi-
cal blob size does not change much δb either, the typical
effective diffusion coefficient is around Dtele = 1 m2/s
for typical blobs of about δb = 1 cm with a radial ve-
locity of ub = 100 m/s. In the inertial regime ub ∼

√
δb

hence Dtele ∼ δ3/2b . Here we observed blobs with sizes
up to δb = 8 cm with velocities up to vb = 800 m/s (not
at the same time) and corresponding effective diffusion
coefficients up to Dtele ≈ 50 m2/s. Therefore, filamen-
tary transport, interpreted as the stationary limit given
by an effective diffusion coefficient of Dtele = u2

bτ , can
account for the factor of 20 observed in density ramp up
experiments.

B. Example for SOLPS-ITER simulations

Next an example of an application using SOLPS-ITER
simulations [2] is shown.

Two cases are considered, one at low density and one
with the characteristic density shoulder at elevated den-
sity. In SOLPS-ITER the diffusion coefficient D has to
be set manually. This has been done for a first guess.
The simulation provides the particle transport ΓSOLPS =
D(dn/dr)SOLPS and the profile (dn/dr)SOLPS , which
may differ from the experimental profile. To match the
simulated and experimental profile an iterative scheme
has been applied. For the next step i + 1 the diffu-

sion coefficient at every radial location has been set to
Di+1 = − ΓSOLPS,i

(dn/dr)exp
. The procedure required only a few

steps until it converges to the experimental profile. These
are shown in Fig. 5. The corresponding particle diffusion
coefficients D are around the order of one m2/s in the
case of low density, where D increases from 0.4 m2/s to
above one m2/s across the SOL (Fig. 5a). At elevated
densities the particle diffusion coefficient is much higher,
in particular around the density shoulder it approaches
D = 40 m2/s (Fig. 5b). In the low density case the
auto correlation times τ have been measured between
10 and 50 µs, which would correspond to blob velocities
vb =

√

D/τ between 100 and 200 m/s. In the high den-
sity case the auto correlation time scatters between 50
and 250 µs corresponding to blob velocities between 400
and 900 m/s. These values are in reasonable agreement
with the reported literature [7].

FIG. 5: Density profiles (blue solid lines) simulated by means
of SOLPS-ITER of a low (a) and high density (b) case mea-
sured in ASDEX Upgrade. The experimental data points
shown by the red triangles are obtained from the integrated
data analysis IDA [21]. The simulated diffusion coefficients
are shown by the black dashed line.

Γ⊥,a ∝ − Dn∂rna

ELENA TONELLO - POLITECNICO DI MILANO - 23 NOVEMBER 2020 - FUSENET VIRTUAL PHD EVENT

Some properties…

3

Low temperature ~10-100 eV
High density ~1018- 1020 m-3

Plasma-wall interaction (PWI): 

Partially ionized plasma:  
neutral atoms and molecules 

[P. Mantz et al. Phys. Plasmas 27, 022506 (2020)]
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8
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The SOLPS-ITER code: the geometry
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Fueling valve

▪ 2D model: computational domain in the poloidal 
plane (2.5D if drifts are on: it includes effects of )  

▪ Field-aligned plasma mesh: 
• Generated on the experimental magnetic 

equilibrium reconstruction 
• Extend up to the first open flux-surface touching 

the wall

Bϕ
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9The SOLPS-ITER code: the geometry

▪ 2D model: computational domain in the poloidal 
plane (2.5D if drifts are on: it includes effects of )  

▪ Field-aligned plasma mesh: 
• Generated on the experimental magnetic 

equilibrium reconstruction 
• Extend up to the first open flux-surface touching 

the wall 

▪ Flexibility of Monte Carlo geometry: neutral injection, 
recycling and sputtering, divertor closure

Bϕ

Chapter 5. Neutrals in the divertor - assessment of divertor gas baffles

5.2.1 Neutral distribution
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main
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Figure 5.2 – a) Atomic and molecular deuterium neutral density at nsep,omp
e = 2.5 ·1019m°3, b)

volume averaged divertor neutral density, c) main chamber, d) resulting neutral compression.

Figure 5.3 – 100 test trajectories of
recycling neutrals originating from
outer target with a) Pcor e = 330 kW
and b) 1.2 MW

The density of atomic deuterium neutrals nD0 and
molecules nD2 as well as their spatial distribution is
found to change significantly with baffling and with heat-
ing power, Figure 5.2a. For the comparison, the neutral
density

nneut = nD0 +2nD2 (5.1)

is averaged over the main chamber and divertor volume,
respectively. With the baffles installed, the average diver-
tor neutral density hnneut idi v increases by a factor of ª 5,
Figure 5.2b, the corresponding main chamber neutral
density hnneut imai n is reduced by factor of ª 2°3, Fig-
ure 5.2c. The neutral compression, Figure 5.2d, is here
defined as

cD ¥ hnneut idi v /hnneut imai n . (5.2)

The compression increases by an order of magnitude

110
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The density of atomic deuterium neutrals nD0 and
molecules nD2 as well as their spatial distribution is
found to change significantly with baffling and with heat-
ing power, Figure 5.2a. For the comparison, the neutral
density

nneut = nD0 +2nD2 (5.1)

is averaged over the main chamber and divertor volume,
respectively. With the baffles installed, the average diver-
tor neutral density hnneut idi v increases by a factor of ª 5,
Figure 5.2b, the corresponding main chamber neutral
density hnneut imai n is reduced by factor of ª 2°3, Fig-
ure 5.2c. The neutral compression, Figure 5.2d, is here
defined as

cD ¥ hnneut idi v /hnneut imai n . (5.2)

The compression increases by an order of magnitude

110

Unbaffled SILO baffles

[M. Wensing PhD thesis, 2021]
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10The SOLPS-ITER code: the geometry

▪ 2D model: computational domain in the poloidal 
plane (2.5D if drifts are on: it includes effects of )  

▪ Field-aligned plasma mesh: 
• Generated on the experimental magnetic 

equilibrium reconstruction 
• Extend up to the first open flux-surface touching 

the wall 

▪ Flexibility of Monte Carlo geometry: neutral injection, 
recycling and sputtering, divertor closure 

▪ Now possible to extend plasma grid all over the 
vessel (not used in this work)

Bϕ

Nuclear Materials and Energy 27 (2021) 100999

7

W. Dekeyser et al.

Fig. 5. AUG grids, including zoom of the divertor area. Left: reference structured grid; middle: target mode grid; right: vessel mode grid.

included), mainly because at present it remains difficult to solve the
potential equation in full vessel mode. We expect that this problem
will at least partially be resolved by improved gridding techniques
providing better resolution of detailed wall features. We note that
simulations including potential equation, currents, and drifts have been
performed successfully with the target mode grid.

The simulation with kinetic neutrals presented below represents the
first coupled B2(.5)-EIRENE simulation with an extended grid. We use
this simulation mainly to illustrate qualitative agreement with fluid
neutral simulations in the extended grids context. Earlier benchmark
studies have usually found strong qualitative and quantitative differ-
ences between fluid and kinetic neutral simulations, but it is often
hard to quantify to which extent these differences come from kinetic
effects or geometrical details. Indeed, in practice non-extended B2(.5)-
EIRENE simulations have the plasma restricted to an outermost flux
surface, while the neutral grid does fill the entire main chamber (and
divertor) volume up to the vessel. Non-extended B2.5 simulations with
fluid neutrals, on the other hand, also have the fluid neutral population
restricted to the plasma grid. We find that fluid and kinetic neutral
simulations show very reasonable qualitative agreement on extended
grids (i.e. when both are simulated on exactly the same geometry). At
the same time, the differences between solutions on extended and non-
extended domains with fluid neutrals confirm the necessity to take the
full vessel geometry into account in plasma edge simulations.

At the core boundary, we impose a fixed plasma density of 2 �
1019 m*3, fixed Ti = Te = 275 eV, zero parallel velocity, and zero
neutral particle flux. For the vessel mode simulation, sheath conditions
are applied at the entire wall boundary, imposing M = 1 for the
parallel velocity at the sheath entrance, and an ion parallel sheath
transmission coefficient of �i,1 = 2.5. The anomalous leakage parameters
have been set to � = 0.1 m, �e,2 = 2.5, and �i,2 = 5 at the main

chamber boundary, but are not used at the target/baffle boundaries
since the incidence angles in the current setup do not require the
additional stabilization. The anomalous particle diffusion coefficient
and ion/electron conductivities are set at D = 0.4 m2s*1 and �i,e =
1.6 m2s*1. A recycling coefficient of 1 is imposed along the entire
boundary. In the absence of puff and pump, we thus have a closed
system for mass/particles.

For the non-extended (‘narrow’) reference and target mode grids,
we use the same core boundary conditions and sheath conditions at
the targets as for the vessel mode grid, as well as identical transport
coefficients and recycling coefficients. At the outermost radial bound-
ary, leakage parameters were tuned manually to achieve approximately
the same radial profiles of density and temperatures compared to the
full extended grid simulation at the outer midplane.

6.1. Main chamber solution

The ability to simulate up to the main chamber wall has removed
the need for an artificial boundary condition at the outermost magnetic
flux surface. Matching experimental profiles of density and tempera-
tures at the outer midplane traditionally requires tuning both radial
profiles of transport coefficients and decay length, or leakage BCs,
since both have a strong impact on the simulated profiles. Similar
density and temperature profiles can usually be obtained with different
combinations of BCs and transport coefficients. With a grid extending
to the wall, an important free parameter is eliminated from the model,
where now only transport coefficients are available to achieve relevant
solutions.

In the simulations presented here, we have used the extended grid
simulation as a reference to tune the leakage BCs of the narrow grid
simulations, aiming to achieve the same profiles at the outer midplane.

[W. Dekeyser et al, NME 2021]



El
en

a 
To

ne
llo

 - 
TS

V
V

2 
A

nn
ua

l w
or

ks
ho

p 
- L

au
sa

nn
e,

 1
7/

18
 J

ul
y 

20
23

 

11

0.6 0.8 1 1.2
-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8
NT (#67465)

Simulation setup and strategy
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▪ Computational meshed built on PT and NT 
experimental equilibria: same poloidal and radial 
resolution. 

▪ NT and PT simulations are performed at fixed input 
parameters: assess the effect of different plasma 
meshes 
•  

• Upstream density:  

▪ No drifts, D only (neglect C impurities)

Pin,e = Pin,i = 0.5 × (POhm − Prad,core) ≃ 100 kW

ne,sep = 1.0 × 1019 m−3

Fueling valveFueling valve



El
en

a 
To

ne
llo

 - 
TS

V
V

2 
A

nn
ua

l w
or

ks
ho

p 
- L

au
sa

nn
e,

 1
7/

18
 J

ul
y 

20
23

 

▪ Motivation: L-mode detachment experiments in TCV - PT vs. NT 

▪ The SOLPS-ITER code 
• Physics, equations and geometry 
• Simulation setup and strategy 

▪ Results 
• Reference simulation: attached condition and validation with 

experiments 
• Density ramp trends 

▪ Conclusions and perspectives

12Outlook
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13Reference simulation: validation against TCV data
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▪  and  optimised for NT and kept 
fixed switching to PT 

• , 

Dn χe,i

Dn = 0.2 m2s−1 χe,i = 1.0 m2s−1
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14Reference simulation: validation against TCV data
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▪  and  optimised for NT and kept 
fixed switching to PT 

• ,  

▪ In agreement with experiments:  
• Overall agreement, both for NT and PT 

•  in NT and  
 in PT (…effect of 

connection length?) 

▪ Discrepancies: 
•  profiles at the target in NT (…drifts?) 

• Overestimation of upstream  profile if PT , 
agreement improves if  (lower 
energy confinement..?)

Dn χe,i

Dn = 0.2 m2s−1 χe,i = 1.0 m2s−1

Te,max@OSP > Te,max@ISP
Te,max@OSP ≃ Te,max@ISP

ne

Te
χe,NT > χe,PT

NT

PT
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15Field reversal: effect on OSP density profiles
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a) Forward field (# 67467) b) Reversed field (# 67070)

▪ Field reversal has significant effect on the target  profiles, while  is almost unaffected 

▪ To analyse the effect of field reversal with SOLPS-ITER drifts need to be included

ne Te

Forward field Reversed field 
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16Fluxes and sources (preliminary analysis)
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▪ OMP profiles:  

• for the same , in NT than PT  

• since  (same for both), in 
NT than PT 

• in NT than PT 

ne,sep |∂rne | >

Dn = 0.2 m−2s−1 Γ⊥ >

Γpol >

∇ ⋅ ( ⃗Γ ) = SnSteady state density equation: 
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17Fluxes and sources (preliminary analysis)

▪ OMP profiles:  

• for the same , in NT than PT  

• since  (same for both), in 
NT than PT 

• in NT than PT 

• positive  (clockwise in the poloidal plane) to 
higher field region in NT

ne,sep |∂rne | >

Dn = 0.2 m−2s−1 Γ⊥ >

Γpol >

Γpol
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NT

PT∇ ⋅ ( ⃗Γ ) = SnSteady state density equation: 
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18Fluxes and sources (preliminary analysis)

▪ OMP profiles:  

• for the same , in NT than PT  

• since  (same for both), in 
NT than PT 

• in NT than PT  

• positive  (clockwise in the poloidal plane) to 
higher field region in NT 

▪ Ionisation distribution is also different in NT 
and PT: ~factor 5 higher in NT!

ne,sep |∂rne | >

Dn = 0.2 m−2s−1 Γ⊥ >

Γpol >

Γpol

1020

1021

1022

1020

1021

1022

[m
-3

 s
-1

]

1020

1021

1022

NTPT

Ionisation D+ source∇ ⋅ ( ⃗Γ ) = SnSteady state density equation: 
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19Feedback density ramp

0 2000 4000 6000 8000
0.9
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iteration

n e
,se

p@
O

M
P

(m
−

3 )

ne,sep@OMP

D2 puff

D
2

pu
ffi

ng
(s

−
1 )

▪ Density ramp as a  scan in SOLPS-ITER 

▪ SOLPS-ITER density scan using the density 
feedback scheme:  influx is adjusted iteratively to 
match specified  

▪ Six simulations, repeated for PT and NT: 

▪ Fixed anomalous transport and input power

ne,sep

D2
ne,sep

 =  { 0.75 - 1.00 - 1.25 - 1.50 - 1.75 - 2.0 } x 1019 m-3ne,sep
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20Feedback density ramp: upstream profiles and ∂r
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▪ Density ramp, i.e. increase of  at the core 
boundary, obtained by reducing  

▪ Stronger effect on , for increasing  

• increasing ,  increases 

• decreasing ,  decreases

ne
Dn

Γ⊥ ne,core

ne,sep Γ⊥

Dn Γ⊥ ∝ Dn
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21Feedback density ramp: OSP trends

▪ Density ramp, i.e. increase of  at the core 
boundary, obtained by reducing  

▪ Stronger effect on , for increasing  

• increasing ,  increases 

• decreasing ,  decreases 

▪ Simulations predicts the experimental trend 
of higher OSP  in NT compared to PT 

▪ Flux roll-over in PT is not observed in 
simulations 

ne
Dn

Γ⊥ ne,core

ne,sep Γ⊥

Dn Γ⊥ ∝ Dn

Te
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Te,max,NT > Te,max,PT
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22 scan vs.  scan ne,sep DnDensity ramp:
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▪ Density ramp, i.e. increase of  at the core 
boundary, obtained by reducing  

▪ Stronger effect on , for increasing  

• increasing ,  increases 

• decreasing ,  decreases

ne
Dn

Γ⊥ ne,core

ne,sep Γ⊥

Dn Γ⊥ ∝ Dn

 scanne,sep
 scanDn
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23 scan vs.  scan ne,sep DnDensity ramp:

▪ Density ramp, i.e. increase of  at the core 
boundary, obtained by reducing  

▪ Stronger effect on , for increasing  

• increasing ,  increases 

• decreasing ,  decreases 

▪ Effects at the OSP: 

• increasing ,  decreases and  
increases 

• decreasing ,  increases and  
decreases

ne
Dn

Γ⊥ ne,core

ne,sep Γ⊥

Dn Γ⊥ ∝ Dn

ne,sep Te,max ne,max

Dn Te,max ne,max
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24Conclusions

▪ Comparison of PT and NT TCV L-mode shots by SOLPS-ITER modelling   

▪ Validation of the simulation in attached condition for NT: 
• Keeping the same input parameters (including radial transport), good agreement 

also with PT profile 
• Differences in radial and poloidal fluxes and partile sources although same input 

parameters 

▪ Trends during density ramp: 
• Simulations predict higher OSP  in NT compared to PT 

• ~constant OSP  observed experimentally in NT, may be connected to a 
reduction of radial transport

Te

Te
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25Perspectives

▪ Priority: isolate the effect of connection 
length ( ) by modelling NT and PT with 
the same diverter geometry 

• include drifts.. 
• include C impurities…

L∥

37

❑ At low density, similar outer target Te for NT and PT

❑ Increasing density leads to outer target cooling in both
cases, but cooling stronger in PT case

PT
NT

Increased  density

PT
NT

O
liv

ie
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év
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Can divertor shape account for the observations? 
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27The SOLPS-ITER code
Input preparation

magnetic 
equilibrium, 


wall template
DivGeo (DG)

b2ag.dat, b2ah.dat, b2ai.dat, 
b2ar.dat

CARRE Uinp

B2.5

EIRENE

Atomic and molecular 
databases

plasma fields, energy 
and angles for PWI

input.dat

ADAS, AMJULE, HYDHEL 

plasma sources due to 
plasma-neutrals interaction

b2 *.parameters

b2mn.dat

Triageom
EIRENE geo

B2.5 geo

Particles reflection 
database

TRIM 

Plasma calculations

Neutrals calculations

user input

Braginskii fluid equations, multi-species, anomalous 
diffusion to mock turbulent radial transport 

Finite volume (SIMPLE algorithm - Semi-Implicit 
Method for Pressure-Linked Equations 

Kinetic neutrals: includes atoms, molecules and 
molecular ions

Monte Carlo

PLASMA SOLVER

NEUTRAL SOLVER
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28
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Toroidal symmetric port 
protection tiles

No port protection tiles

Toroidal effects: non toroidal port-protection tiles
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29Toroidal effects: non toroidal port-protection tiles
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▪ Narrower  profiles at the 
OSP, no differences in 

Te

Te,max
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