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Abstract. First of a kind SOLPS-ITER simulations on TCV that include
nitrogen have been performed to model recent nitrogen seeded detachment
experiments. Based on spectroscopic measurements, a nitrogen recycling
coefficient Rév ~ 0.3 — 0.5 on the graphite walls of TCV is estimated. The
experimentally observed decrease of core nitrogen density with increasing plasma
density is reproduced and linked to a reduction of the ionisation mean free path
in the SOL. Although the influence of sputtered carbon impurities from TCV’s
graphite wall cannot be fully eliminated, seeding nitrogen increases control over
the total impurity density. This facilitates disentangling the effect of impurities
from that of high upstream density on the main characteristics of detachment,
namely target power and ion current reductions and the development of a parallel
pressure drop. Increasing the density and the seeding rate reduce the power on
the divertor targets in a different way: with density, the ion current increases and
the target temperature strongly decreases, whereas seeding impurities decreases
the ion current and affects less strongly the temperature. The reduction in ion
current when seeding nitrogen is due to a lower ionisation source, which is not
related to power limitation nor an increased momentum loss, but to a decrease of
the ionisation reaction rate. Impurity seeding leads to less volumetric momentum
losses (and hence pressure drop) than density ramps, for the same level of energy
flux reduction. Additionally, main chamber sputtering of carbon is identified as
a possible explanation for the missing target ion current roll-over during density
ramps in the simulations.
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1 Introduction

In future high power magnetic fusion devices, like
ITER and DEMO, the heat flux deposited on the
wall will exceed material limits if not mitigated [1-3].
Strong dissipation of energy and momentum in the
scrape-off layer (SOL) are therefore necessary and
operation is envisioned in the detached regime [4-6].
Detachment is established by a number of processes
that occur in low temperature divertors, including
impurity radiation, plasma-neutral interactions and
volumetric recombination [5]. Detachment studies on
the Tokamak & Configuration Variable (TCV) [7] have
focused so far on density ramps in L-mode plasmas
in conventional and alternative divertor configurations
[8-10]. TCV features a nearly complete graphite
wall protection cover and carbon is always present in
TCV plasmas with its source changing with plasma
density. This leads to an increase of impurity radiation
with density, up to 65% of the input power [11,12].
Recently, TCV has been upgraded to enhance reactor
relevance [13]. In particular, heating power has been
increased and divertor baffles have been installed to
better separate the divertor from the main plasma
and to reach regimes with higher divertor neutral
pressures. In parallel, experiments employed nitrogen
impurity seeding, as an alternative to density ramps,
to achieve detachment [11] and to extend the studies to
H-mode conditions [14]. Such active impurity seeding
provides, in a carbon device, a more direct control on
the impurity content than density ramps. It therefore
helps disentangling the role of high plasma density
from impurities for detachment and resembles more the
situation in a metal device.

In accordance with most previous experiments,
divertor detachment modelling on TCV has focused,
to date, on density ramps [15-18]. The present
work extends the modelling to impurity seeding.
Simulations of nitrogen seeding were already performed
for metal-walled tokamaks, including ASDEX-Upgrade
[19-21] and ITER [21], where nitrogen was identified
as a suitable divertor radiator for ITER.

The paper is structured as follows. In section
2, the simulation set-up is presented together with
the main diagnostics and experiments used in the
comparison. In section 3 the recycling coefficient of
N on TCV’s graphite walls is estimated by comparison
with spectroscopic data. The influence of density on
nitrogen core penetration is discussed in section 4.
The main differences between nitrogen seeded and high
density detachment are presented in section 5.

2 Simulation set-up

The SOL and the outermost core region of TCV are
simulated with the SOLPS-ITER code [22, 23] that

employs the plasma fluid code B2.5 and the Monte-
Carlo neutrals code Eirene. It solves the multi-fluid
balance equations for particles, parallel momentum
and energy including simulated plasma interactions
with kinetic neutrals. SOLPS-ITER is widely used
in tokamak research and was the main tool to desgin
ITER divertor [3].

In the present work, a lower single null configura-
tion is modelled with a plasma current of I, = 320
kA and a nominal toroidal field of 1.43 T (fig. 1).
This configuration is compatible with TCV’s new di-
vertor baffles but was performed before their instal-
lation [13]. The plasma density was ramped from a
Greenwald fraction fg = 0.2 to 0.65 through the dis-
charge. In other discharges nitrogen was seeded while
keeping density at a low (fg & 0.3) or high (fe ~ 0.5)
Greenwald fraction.
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Figure 1: Set-up of the simulations and the
experiments: a) B2.5 grid, gas valve locations and
outer divertor region (yellow), b) Eirene grid and c)
experimental set-up with Thomson chords ([J) and the
lines of sight of the divertor spectrometer system (m==).

The plasma species Dt,Ct+, ... C6+ NT,. . N"*
and the neutral species D, Dy, C, N are included in the
simulation. A wide range of reactions is included by
Eirene (tab. 1). Most notable omissions are molecular
nitrogen and a possible formation of ammonia [24].
Nitrogen seeding is, thus, approximated by an influx
of atomic N at the location of the gas valve in the
private flux region (PFR) (fig. 1a).

Drift effects are not included and cross-field
transport is approximated by empirically determined
diffusivities D; = 0.2 m?/s and Y, ; Xle =
1.0 m?/s, as in [15, 16]. This choice yields
reasonable agreement with experimental Thomson
scattering measurements of the upstream density and
temperature profiles.
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Table 1: The interactions between neutrals and plasma
particles included in Eirene together with their names
in the code’s databases.

AMJUEL Physical reaction
H.4 H.10 2.1.5 D+e— DF +2e
H.4 H.10 2.6A0 C+e— Ct+2e
H.4 H.10 2.7A0 N+e— Nt +2¢
H4229 Dy +e — DJ + 2e
H.4 2.2.5¢ Do+e—=D+D+e
H.42.2.10 Dy+e—D+Dt+2
H.0 H.1 H.30.3T | Do +D" — Dy + DT
H.2 3.2.3 Dy +D* = DJ +D
H.4 2212 Dy +e—D+DT +e
H.422.11 D +e— DT +DF +2
H.4 H.8 2.2.14 Dy +e—D+D
H.4 H.10 2.1.8 D 4+e— D(1s)

Dt +2e — D(1s) +e
HYDHEL
H.1H.33.138 DT +D(1s) — D(1s) + DT
METHAN
H.1 H.332 D*+C—=D+C*
ADAS
H.4 acd96 Ct+e— Ct+ho
H.10prb96
H.4 acd96 Nt +e = N+hv
H.10prb96

3 Recycling coefficient estimate

The plasma particle balance is determined by recycling
coefficients and sputtering yields, in addition to pumps
and gas injections. The TCV turbopumps have little
influence on the particle balance during the 2 second
discharge and only the machine walls are taken as
particle sinks in the model. The recycling coefficient
R, defined as the ratio of recycled neutral flux over
the total wall flux (see section 4.6.3 in [4]), is set to
0.99 for deuterium, yielding reasonable agreement of
the experimental and simulated gas puff flux for a given
upstream density. The recycling coefficient of carbon is
set to 0 and the chemical sputtering yield to 3.5% [25],
in accordance with previous TCV modelling [15,16].
Nitrogen ions and atoms exhibit a low level of
recycling on both metal [26] and carbon walls [27-30],
presumably due to their high chemical activity [26,
29]. Their recycling coefficient has, to the authors’
knowledge, not been reported for carbon walls so this
quantity needs to be estimated here. Before doing so,
note that for a low nitrogen ion recycling coefficient
Rév , the dominant neutral nitrogen source is the gas
puff and not wall recycling (in steady state, the puffed
fraction of the N source is 1 — RIJ)V ). Experimentally,

the gas puff consists of Ny molecules, whereas the
simulations only consider N atoms. To account for
this, neutral N recycling is treated as Ny recycling.
Contrarily to N ions, Ny is chemically stable and pulses
without plasma indicate that No does not stick to the
wall. Therefore, the neutral nitrogen recycling is set to
RN =1.

In order to estimate the nitrogen ion recycling
coefficient, discharge 62893, a high density nitrogen
seeding ramp, is compared with simulations where R]JDV
is varied from 0.1 to 0.8. Upstream n. and T, profiles
are matched with Thomson scattering measurements
(fig. 2) and the input power is equal to the experimental
Ohmic heating. This yields an overestimation of the
target Jsq¢ by a factor 2-3 in the simulation, discussed
further in section 5.2. A detailed comparison of n, and
T, at the target is not possible due to known issues
with the Langmuir probes in detached conditions [31].
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Figure 2: Comparison of upstream T, (a) and n. (b)
profiles between the simulation and TCV discharges
62893 and 67544. 67544 is a repeat of 62893 with
slightly modified shape to improve the SOL profiles.

At constant N seeding rate, the divertor nitrogen
ion content doubles when RII)V is increased from 0.1
to 0.5, yielding an increase in divertor ionic nitrogen
concentration from 1.5% to 2.8% for the highest
seeding rate of 4 x 10 N/s. Note that these
concentrations are significantly lower than for the low
density simulation discussed in section 5. While direct
measurements of the nitrogen density are not available,
the absolutely calibrated divertor spectrometer system
(DSS) [32] can be used to probe consistency with
simulations. For this purpose, synthetic diagnostic
signals are calculated by line integrating the emissivity
maps calculated by SOLPS for the 32 DSS view chords
(fig. 1c) [33]. The local emissivity is calculated from
the photon emission coeflicients (PEC) based on [34]:

¢ = PEC™(T,, ne)nenst +PEC™(T,, n)nen' T (1)

with € being the emissivity [photons/m®s], T, the
electron temperature [eV], n. the electron density
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[m™®] and n;" the ion density with ionisation
state z [m™3]. The emissivity of nitrogen lines is
directly related to the nitrogen density, permitting
an estimation of its recycling coefficient. Note that
other empirical parameters, such as RP, chemical
sputtering yield or D, and x,, also impact the
nitrogen emissivity, but further analysis shows that
their influence is either small or that changing
these parameters deteriorates agreement with other
experimental measurements, such as the Jg,; profile
measured with Langmuir probes.

In fig. 3, DSS measurements of two NII and one
NIIT line are compared with synthetic measurements
for different values of Rév ranging from 0.1 to 0.8 for
two seeding rates. Overall, the synthetic diagnostic
signals are in good qualitative agreement with the
experiments for both seeding rates except, close to
the target, where the simulations underpredict the
intensity for all values of R;,V . This systematic
underprediction may be related to an underestimation
of the target T., underestimations of impurity density
close to the target or inaccuracies in the PEC data
at low temperature. The emissivity of each spectral
line decreases sharply along the divertor leg towards
the target. This corresponds to a characteristic
electron temperature region, below which the emission
coefficient decreases rapidly and the charge state
corresponding to the emission is absent. The location
of this drop in the simulations coincides with the
measurements for multiple spectral lines, indicating
that the temperature profile in the divertor up to
this point is well described. In TCV, this sharp
emission decrease is often used as a proxy for having
obtained low divertor T, and, hence, conditions close
to detachment [9-11, 14, 35]. Defining the radiation
front location by a 50% decrease of the emissivity (as
in [9,10]), the simulations indicate a front temperature
of approximately 11-12 eV for NIIT and CIIT (not show)
and 6.5 eV for NII. Note that these temperatures are
higher than estimates for a plasma simulated in coronal
equilibrium due to the inclusion of impurity transport
in these simulations.

While comparison of simulations with measure-
ments in this TCV discharge indicates a recycling co-
efficient in the range 0.3-0.5, repeated discharges indi-
cate variations of Rév with wall conditions. The range
is in agreement with the partial recycling of N found
on other machines [26-30]. In the following we take
a fixed RZI)V = 0.3, but the conclusions are not very
sensitive to this value and also hold for RZI)V =0.5.

4 Nitrogen core penetration

In TCV, core radiation and Z. sy increase strongly with
nitrogen seeding at low, but not at high density [11].

This effect is reproduced in simulations for low and
high density seeding ramps (fig. 4), similar to the low
and high density seeding ramps on TCV (section 2).
At low density, the N? core ionisation and, hence,
the nitrogen core ion density increase strongly with
seeding (fig. 4a), while the increase is much weaker
at higher density (fig. 4b). Consequently, the nitrogen
core radiation and Z.yy increase more strongly at low
ne (fig. 4).

The larger increase in core ionisation at low den-
sity is explained by a reduction of the nitrogen ioni-
sation mean free path /\;’;{?N = v, N/ (Ne(0Ve)ion,N) In
the SOL with increasing plasma n. (fig. 5), with v, n
the thermal speed of atomic nitrogen. As the density
increases, more neutrals ionise in the SOL and divertor
before reaching the confined core plasma (fig. 5).

5 Comparison of high density and
nitrogen seeded detachment

To investigate the differences in high upstream
density and nitrogen seeded detachment, we start by
comparing three cases: a low density attached case
(LD), a high density case (HD) and a low density,
nitrogen seeded case (NS) (tab. 2). All have an input
power of 400kW at the core boundary. The HD and
NS cases are selected to have similar target power
density profiles (fig. 6), making them equally favorable
w.r.t the heat exhaust. In the NS case the fuelling
is adjusted to match the upstream density profile of
the LD case (fig. 7). The motivation behind this
choice is that when starting from a reference scenario
(here the LD case), both increasing upstream density
or impurity content are possible options to mitigate
target power loads. Ultimately, a good mix of both
might be necessary, as seeding can cause undesired
core radiation and dilution, while increasing upstream
density typically degrades pedestal height and stability
in the case of H-mode [36-38] and is limited by the
Greenwald limit. Since the maximum target T, is
below 5 eV for both the HD and NS cases (fig. 9b),
they are considered to be detached. They are not,
however, equivalently detached, as only the target
power is matched. Three characteristics of detachment
are studied: a reduction of target power, a decrease of
target ion current and the occurrence of a pressure drop
parallel to the magnetic field.

5.1 Target power

Experimentally, the target power decreases both with
increasing density and nitrogen seeding [11]. This is
also found in the simulations, that can differentiate
between the components of the target power and
processes leading to its reduction.
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Figure 3: Comparison of the individual chord intensities of nitrogen emission lines as measured with the DSS and
the synthetic DSS for simulations with different values of the nitrogen recycling coefficient RY. Two different
times of the experiment are shown at which the seeding rates are 1 x 102 and 2 x 102° molecules Ny/s. For the
high seeding rate, simulations with Ré,v > 0.7 resulted in a collapse of the upstream profile and are not shown.

Low n_seeding ramp

High n_seeding ramp

12 T T T 4 12 4
(a) —e— N core ionization 7 (b) —e— N core ionization

" — & — N core density /Q/ 4135 o — & — N core density 435

g 10 _._CoreZe" 2 § 10 - _._CoreZe"

N~ ~

- — & — N Core radiation 43 = - — & — N Core radiation 13 =

o & = o =

= 8r // [t} = 8t [t}

o ng®" =1.5¢19 m* y A% 2 & n®'=2.5¢19 m* 125 ¢

8z 4 = © 8=z °

£ 6f . = 12 88 £ 6f 12 8E

— /z 4 [¢] — (¢]

@ pid 115 = 2 {15 —=

& 4r 7 s = & 4 =

o s g e o ) 5

= - p 11N = 41
- =~ £~

0oZ L 9 -9 oZ

gg 2 7 o 8¢

85 P - {05 8s

— =
==
0 . . . 0
0 2 8

Figure 4: Neutral nitrogen core ionisation
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core radiation Q57" for (a) a low density and (b) a high density seeding ramp. All core quantities are evaluated
over the simulated part of the core (fig. 1a).
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seeding rate is constant at 4 x 100 N/s.

Table 2: Plasma parameters of the three cases studied
in section 5.

6 X 10°
(a) Low ng
High ng
N';4’ 110.0 kKW N seeded
§ 78.5 kW

72.2 kW

x 10
0 F— 3
(b)
[ 4 2 —
152.5 kW €
96.9 kW S
99.6 kW | =
o

L L L L | 0
0.96 0.98 1 102 104 106 1.08
pll

Figure 6: Outer (a) and inner (b) target power density
profile for the three cases. The integrated target power
is evaluated over the B2.5 plasma wetted area, see
figure 1.
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5.1.1 Components of the target power The I 11 =
total target power density (fig. 6) is calculated as: \ fq,
g = TUAT! + Tl epoy + q1% + g1 (2) \ ”
with I, ¥T"* the kinetic plasma energy flux, I'}| €,0¢ the ‘ ‘ ‘ ! ‘ 0
surface recombination contribution, ¢’%? the energy 096  0.98 1 102 104 106 108
flux linked to radiation, ¢'1*“* the energy flux due to ar
impinging neutrals and ¢/ perpendicular to the target Figure 7: Upstream electron density (a) and

plate [W/m?). T denotes the perpendicular target
particle flux [1/m?s], v the sheath heat transmission
coefficient, T the target electron temperature and €0t
the potential energy from atomic recombination (13.6
eV for D).

The simulations show that the power deposited
by the plasma, consisting of the kinetic plasma
energy flux (I, v7") and the energy flux from surface
recombination (I €p01), dominates the total power
density (fig. 8 a and b). The power deposited by the
plasma is approximately equal for both detached cases
and largely reduced compared to the attached case. As
the particle flux and hence the energy flux from surface

temperature (b) profile for the three cases.

recombination is higher at high n. than with seeding
(fig. 9a and 8b), the kinetic plasma energy flux and
hence T must be lower (fig. 9b).

The simulations reveal the importance of the
contributions from radiation and neutrals to the target
power density. For both detached cases, the qi“d profile
is similar. Although the integrated power on the target
due to radiation is much higher for both detached cases,
the peak energy flux is approximately equal in all three
cases. This is explained by the radiation in attached
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Figure 8: Radial profiles and integrated values of the components of the outer target power density. (a) Kinetic
plasma energy flux, (b) plasma energy flux from surface recombination, (c) radiation energy flux and (d) energy
flux carried by neutrals. The integrated power is evaluated over the B2.5 plasma wetted area, see figure 1.
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Figure 9: Outer target particle flux (a) and electron
temperature (b) for the three cases.

conditions being very localised at the target, whereas
the radiating region in the detached cases is located
close to the X-point distributing the power over a
larger surface. Neutrals carry less energy to the target
than radiation, although the peak energy fluxes reach
similar values. Overall, the power deposited on the
targets by radiation and neutrals is not negligible. For
the three cases studied, the combined contribution of
radiation and neutrals to the peak power density is
12% for LD, at 30% for HD and 23% for NS. This
can partly explain regular mismatches between TCV
heat flux estimates based on IR thermography and

Langmuir probes, since the former assumes a constant
offset of power density instead of a profile to account
for neutrals and radiation.

5.1.2 Volumetric power losses The reduction in
target power with detachment results from an increase
in radiation and plasma-neutral energy transfer. In
the following, the contributions of both mechansims
will be discussed. Although the peak ¢, can be further
reduced by cross-field transport, this does not generate
a volumetric energy sink.

Both detached cases show a strong increase in
radiation compared to the attached case (fig. 10).
Although the total radiative losses in the outer
divertor are approximately equal for both cases, the
contribution of each species is not. Without seeding,
carbon radiation accounts for nearly 80 % of the
total radiation, consistent with experimental findings
[12]. This radiation increases with upstream density,
mainly due to the corresponding increase in divertor
ne, but also due to the higher carbon density from
increased sputtering from increased particle fluxes
on the walls (fig. 9a). For the NS case, nitrogen
radiation dominates, accounting for 70% of the total
radiation. This shows that in nitrogen seeded
experiments, the main radiating species can indeed
be controlled actively, which stresses the relevance
of seeded TCV experiments for future, metal-walled
reactors. Nitrogen injection is found to reduce the
carbon radiation compared to the attached case. This
is partly explained by a lower carbon density in the
divertor, due to a lower particle flux (fig. 9a) and,
hence, a lower the carbon sputtering rate. A reduction
in divertor temperature displaces the radiating region
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Figure 10: Radiation losses in the outer divertor: (a) hydrogen, (b) carbon, (c) nitrogen and (d) total radiation.
The energy flux reduction is calculated by dividing the radiation energy losses along a certain flux tube from the
X-point to the target by the target area wetted by this flux tube, and can therefore be interpreted as the energy
flux reduction by radiation in absence of radial transport in the divertor.

towards the main plasma, where the carbon density is
found to be lower than at the target, further decreasing
the radiated power.

The hydrogenic radiation is always considerably
lower than that from impurities (fig. 10a). It increases
significantly at high densities, continuing to account for
20% of the total radiated power, compared to only 5%
for the NS case. Note that radiation from molecular
bands together with radiation from excited atoms
after plasma-molecule interactions are not included in
the simulations. This value for the total hydrogenic
radiation should thus only be considered as a lower
bound.

The plasma neutral energy transfer can be divided
into three parts: atomic charge exchange (CX), energy
transferred to molecules and plasma recombination
(fig. 11). Details of their evaluation are discussed in
Appendix A.

The power losses due to atomic CX in the outer
divertor are similar for all cases (fig. 11a). In the
common flux region (CFR), CX is mainly a loss
mechanism as it involves cold recycling neutrals from
the outer target. In the PFR, the simulations show
that fast neutrals coming from the hot inner target
(tab. 2) heat the plasma, most prominently at high
density.

At high n., the molecular density close to the
target increases strongly, consistent with expectations
for low target T, [39]. Here, molecular losses dominate
the neutral energy loss mechanisms, even surpassing
hydrogenic radiation. At low n., with and without
seeding, the target temperatures are higher and the
molecular densities remain low, leading to a lower
contribution from collisions with molecules to the

power losses.

In conclusion, both an increase in density and
impurity seeding lead to a strong reduction of the
target power. According to the simulations, the
dominating loss channel in TCV is impurity radiation:
mainly from carbon for HD and mainly from nitrogen
for NS. The neutral losses become important at low
target T,, mainly due to interactions with molecules,
but remain significantly smaller than those from
radiation. The volumetric power loss mechanisms at
high density in TCV therefore fundamentally differ
from metal-walled machines, where the impurity influx
is independent of the particle flux.

5.2 Ion current

The experimental integrated target particle flux or
ion current I' [s7!] increases at the start of the
density ramp and then rolls over at high n. [8, 10,
11].  In contrast, in nitrogen seeded discharges it
decreases monotonically with increasing seeding [11].
The simulations reproduce the increase in I* with
density (fig. 9a), but, as shown in a more extended
density scan in this section, do not exhibit the roll-
over at high density. The simulated ion current is
only found to stagnate and reduce marginally, and this
at unrealistically high densities (not included here),
similarly to previous SOLPS modelling of TCV [15].
The reduction of I* with seeding is, however, accurately
reproduced, as apparent from fig. 9a and the more
extended seeding scan discussed in the following.

To explain the different trend in I between high
density and nitrogen seeded detachment, we consider
the equation for the ion current derived from the heat
and particle balance in high recycling conditions (see
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Figure 11: Plasma-neutral energy losses in the outer divertor: (a) the atomic charge exchange losses, (b) the
molecular energy losses, consisting of molecular charge exchange, elastic collisions and molecular dissociation,
(c) recombination losses and (d) the total neutral energy losses, i.e. the sum of (a), (b) and (c). The energy flux
reduction is calculated the same way as in figure 10, meaning that a negative value represents volumetric power

losses.

Appendix B and [5,40]):
aw Qimp - Qneut N

IN — - ITiC (3)

Eion + ’YTt 1+ ’YTt/Eion
with Q4 the incoming divertor power, Qimp the
impurity radiation and Q) eyt the neutral energy losses,
all in [W]. Ej, is the effective energy loss due to
ionisation [12], accounting for both the hydrogenic
radiation (fig. 10a) and the ionisation energy, T? is a
weighted average target electron temperature and Iyec
the recombination particle sink. Note that contrary to
[5], the neutral losses are explicitly taken into account
(fig. 11d). The individual terms of equation 3 are
evaluated for simulated nitrogen seeding and density
scans (fig. 12), where the quantities are integrated over
the outer divertor and the outer part of the main SOL
(fig. B1 in appendix).

In the nitrogen seeding scan, the seeding rate is
increased from 0 to 8 x 10%° atoms/s for a constant
ngePv = 1.5 x 10%/m3, similar to the experimental
low n. seeding ramp, reaching divertor nitrogen ion
concentrations up to 15% (fig. 12a). For all seeding
rates, recombination remains negligible, consistent
with experimental observations [12]. Equation 3 can
therefore be reduced to:

e Qimp - Qneut

IN -
Eion + ’yTt

:/ nen0<0v>ion(n67Te)dV (5)
v

where the ion current can also be written as the volume
integrated local ionisation rate (eq. 5), with ng the
atomic deuterium density, (ov)io, the ionisation rate
coefficient and V' the volume (fig. B1 in appendix).
The reduction in I* with seeding can be interpreted

I'=

It = Iion =

(4)

using both equation 4 and 5. When seeding nitrogen,
the radiated power increases (fig. 10d). Therefore, the
target energy flux has to drop. This occurs, in part,
through a reduction in the target T,. Furthermore,
at the start of the seeding ramp, the heat flux in the
divertor is mainly electron conductive, so that g & %7;@
with z the parallel direction, and the decrease in g
flattens the parallel T, profile. Together with the lower
target T, this results in a reduction in the divertor
T. and, hence, a decrease of (ov)ion everywhere in
the divertor. The simulations show that the electron
density in the divertor remains approximately constant
while the neutral density increases. The relative
importance of the changes in n., ng and (ov)ion is
illustrated in table 3, showing that the increase in ng
(second row) only partly compensates for the decrease
in (ov)ion (third row). Therefore, the ionisation
source and, hence, the target ion current decrease (eq.
5). Interpreted using equation 4, one concludes that,
with the addition of nitrogen, the impurity radiation
increases faster than the target temperature decreases,
resulting in a decrease of I*.

Table 3: Individual effect of changes in n., ng and
(o0)ion On Tion (Eq. 5) in the density and seeding
ramp. Cases A and B are indicated in figure
12.[ nBng(ov) dV is the hypothetical ionization
source if only n, would change going from A to B and
ng and (ov)jon would remain constant.

‘ N seeding ramp n, ramp
S nlnd (ov)iav /i, 1.02 3.59
S ndng (ov)ih.av /I, 1.19 4.85
S ndng(oo)iZ,av /I, 0.49 0.32
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A reduction of I is sometimes attributed to power
limitation [12], a regime where the power required
for ionisation I;on Ejon approaches the available Qﬁi\l" —
Qimp — @neut, constraining the ionisation source. From
equation 4, this happens when 4Tt < FEj,,. This
regime is not reached during the seeding ramp (fig.
12a), showing that, here, power limitation is not
necessary for the target ion current to reduce. I
decreases as well in simulations with higher input
power (1.5 MW), in flux tubes with 7! up to 15
eV. Further simulations without carbon sputtering and
with TCV’s neutral gas baffles [13,16] also exhibit
similar behaviour, indicating the robustness of this
result.

In another set of simulations, the midplane
separatrix density is scanned from 1.5 x 10 to 4 x
10 /m? by increased Dy fuelling. At low density,
the target T, is high, recombination is negligible and
equation 4 is valid (fig. 12b). Increasing the gas fuelling
initially leads to an enhanced ionisation rate (eq. 5)
and hence I'. According to equation 4, keeping all
other quantities constant, the target temperature must
drop. Additionally, increasing ionisation and, hence,
plasma density increases the volumetric power losses
(fig. 10 and 11), augmenting the temperature drop. In
the simulations, the reduction of the ionisation rate
coefficient (ov)ion due to this temperature decrease
does not compensate for the increase in neutral
and electron density (tab. 3), and the ionisation
source, indeed, increases. In contrast to the nitrogen
seeded case, equation 4 shows that, here, the target
temperature decreases faster than the volumetric losses
increase (fig. 12b), so I increases.

At sufficiently high density, 7T < Eion (fig. 12b)
and equation 3 simplifies to [5]:

iili\lv - Qimp - Qneut _I _ 7max

Eion ree  Ton
Here, the target plasma power density (¢, =TI, (7T +
€pot)) is essentially proportional to the particle flux
and, hence, the ionisation source. It cannot be reduced
further by a drop in temperature. The ionisation
source becomes constrained by the available power
(If2ax) previously referred to as power limitation.

Using equation 6, we can probe the cause of the
experimental roll-over by considering the differences
between the experiments and SOLPS. In the following,
different possible causes are discussed.

Volumetric recombination: According to eq. 6,
volumetric recombination can result in a roll-over of
I'. However, volumetric electron-ion recombination
is found to be small compared to ionisation in
experiments [12] and simulations. Close to the target
it may dominate ionisation, but its effect upon I?
remains negligible.  The D;r branch of molecular
activated recombination (MAR, [41]) is included in

It = — Tce. (6)

the simulations and found to dominate the total
recombination in highly detached regimes, contrary to
simulations of DIII-D like plasmas [42]. The lower
divertor densities in these TCV plasmas may, however,
explain why MAR is relatively more important. The
importance of MAR in the experiments is subject
of current research and the missing roll-over in
our simulations could possibly be explained by an
underestimation of the effect, since MAR is treated in
a simplified way by SOLPS [42].

Increase in Ei,,: An increase of E;,, was found
to partially explain the experimental roll-over [12]. In
the simulations, Fji,, ranges from 26 to 29 eV during
the density ramp (fig. 12b). This increase is small
and therefore, alone, does not lead to a strong roll-
over. Spectroscopic estimates of Ej,; on TCV yield
values up to Ejo, ~ 40 eV [12]. This mismatch is
mostly due to a change in volume over which Ej,, is
calculated: in the experiment, only the outer divertor
is considered, whereas the simulation also accounts for
the main SOL contribution (fig. B1). Considering only
the outer divertor, Fi,, increases up to 35 eV in the
simulation. Because of the similar variation in FEj,,
in the simulations and the experiment, this effect is
most likely not the cause of the missing roll-over in the
simulations.

Increase of Qimp + Qneut: Experimentally it was
found that the other main contributor to the roll-
over is an increase in power losses [12].  These
losses are dominated by impurity radiation (fig. 10),
that has been found to strongly reduce If, both
on TCV with nitrogen seeding and other machines
[11,43]. An underestimation of the impurity radiation
in the simulations at high n. could explain why I
does not roll over (eq. 6). Carbon radiation, that
dominates the losses in density ramps, depends on
the carbon density, the electron density and the local
radiation rate coefficient, which is a function of n.
and T,. Since n. and T, in the simulations match
the Thomson scattering measurements, a difference in
radiation is possibly due to the carbon density and/or
its distribution within the plasma. Experimental core
C%* density measurements show an increasing trend
when I* rolls over, while the simulations indicate that
the core C content decreases with density. A possible
explanation for this may be an increase in main
chamber sputtering due to the observed broadening
of the SOL at high density [11]. The energy of this
sputtered carbon is higher than for target sputtering
due to the higher upstream plasma temperature,
increasing the ionisation mean free path and, hence,
core penetration. This effect is not accounted for in
SOLPS and could, thus, explain the discrepancy with
the experiments [17]. To test this hypothesis, density
ramp simulations were performed with an additional
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Figure 12: Components of equation 4 in the outer divertor (fig. B1) during (a) a seeding ramp as function of the
average divertor nitrogen density and (b) a density ramp as function of the upstream separatrix density. The
markers in black indicate the detached cases used for comparison in this section. The first simulation of both

the seeding and density ramp is the same.

carbon source at the outer mid-plane, mimicking a
main chamber sputtering source. Changing this source
to enforce a constant carbon concentration of ~ 5% in
the outer SOL and divertor, indeed, results in a (weak)
roll-over. Further support for this hypothesis stems
from [44], where the ion current only rolled over in
density ramps after the graphite coverage of the TCV
walls was increased from 65% to 90%, hence increasing
main wall carbon sputtering.

In summary, both seeding nitrogen and increasing
density reduce the plasma temperature and therefore
(0v)ion. The simulations predict that, with seeding,
this is not compensated by an increase in neutral
and electron density, leading to a reduction of I°.
In contrast, at high density, it is overcompensated,
leading to an increase of I°.

Considering the different reasons for the absence
of a roll-over at high n. in the simulations, the most
likely explanation is an overestimation of the power
available for ionisation, possibly due to the omission of
main wall sputtering and, hence, a missing heat sink.

5.3 Parallel pressure drop

A parallel pressure drop between up- and downstream
is observed both during density ramp and nitrogen
seeding experiments, with, just before the disruption,
a larger pressure drop in density ramps [11]. The
simulations indicate that, for similar target power
density, the pressure drop is indeed stronger with
density than with seeding (fig. 13), but is less strong
than in the experiments. This may be due to
several reasons: (i) the cases presented here are less

strongly detached, (ii) the experimental pressure drop
is calculated over a larger part of the SOL and (iii)
the pressure drop with seeding was only reported with
seeding at high density in [11]. The processes causing
the parallel pressure drop and the link with the target
power and ion current are discussed in detail in the
following.

Low ng
High n, 8
N seeded

1.02 1.03
p

1.04

1.05

Figure 13: Upstream (solid) and downstream (dashed)
total plasma pressure (see definition in app. Appendix
C) for the three cases.

In analogy with [11], we define a pressure drop
factor:

fdrop _ fpgotdp _
e [pigdp
with from similar to the integral momentum loss
factor defined in [45]. fiom is dominated by neutral
momentum losses. It has an additional geometric term,

1- fmom



Comparison of high density and nitrogen seeded detachment using SOLPS-ITER simulations of the TCV tokamak 12

see Appendix C, causing deviations from pressure
balance even in absence of volumetric momentum
losses. fgf;’f is a measure of the integrated pressure
loss, it has no contribution from radial momentum
transport.

Atomic momentum losses increase strongly with
ne and are considerably less affected when seeding
nitrogen (fig. 14b). This is mainly due to the higher
divertor neutral density in the high n. case compared
to the other two cases (tab. 2). Also, molecular
losses increase with density and are negligible in the
low n. cases (fig. 14c). In this high density case,
the atomic momentum losses are still twice as large
as the molecular ones (see fom in figure 14), but
at even higher density, molecular losses are found
to dominate (not shown), consistent with previous
SOLPS modelling on other machines [39,46,47].

Considering the parallel pressure drop with the
results from previous sections yields two observations.
First, a large reduction in target power can occur
without a strong parallel pressure drop. Secondly,
these simulations indicate that a strong parallel
pressure drop is neither sufficient (high density), nor
necessary (nitrogen seeded) for a reduction of I, the
latter partly due to a drop in pi.,. The parallel pressure
drop is found to correlate with low target T, consistent
with expectations from [48], and not with a reduction
of I*. However, experimentally, it is observed that the
reduction of I* occurs simultaneously with a drop in
fdrop hoth for density and nitrogen seeding ramps [11].

pres

6 Conclusion

SOLPS-ITER simulations have been performed in
order to study nitrogen seeded detachment on TCV. By
matching experimental spectroscopic measurements of
nitrogen line emissivities with synthetic diagnostic
signals, the nitrogen recycling coefficient on the
graphite walls of TCV is estimated to be RIJJV ~
0.3 — 0.5. Additionally, it was determined that the
experimentally observed decrease in impurity core
penetration with increasing density is due to screening
of the core by ionisation of impurity neutrals in the
high density SOL. Seeding nitrogen allows to vary the
impurity content in the SOL, unlike for high density
detachment, allowing a separation of the effects of
high density and high impurity content. Detached
simulations with similar target power, achieved with
either high density or nitrogen seeding, are compared.
Firstly, with seeding, the target T, is higher and
the target energy flux reduction is mainly due to a
reduction of the particle flux, whereas for density
ramps, it is mainly due to a decrease in the target
T.. Secondly, a reduction of the target ion current
with nitrogen seeding is found, in accordance with

the experiments. This is found not to be related
to power limitation, but to a reduction in {(ov)ion.
For the density ramp, the power limitation regime is
quickly attained, but I does not roll over, in contrast
with experiments. A possible cause of this difference
is a strong additional carbon source from main wall
sputtering in the experiment. Finally, for equal target
power, a pressure drop along the SOL is found to be
stronger at high density than with seeding. This is
due to the lower target T, at high density leading to a
higher neutral density and, hence, higher momentum
losses. A parallel pressure drop is, therefore, not
necessarily related to an ion current reduction but
mainly to the divertor temperature.
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Appendix A Calculation of the neutral
energy losses

SOLPS solves the internal energy equation, so the
sources in the fluid equations are converted to total
energy sources to estimate the neutral energy losses:

1 )
SE = SlH —+ Sf + Z (ua . S;"Om _ 2mauisgartzcle>

with S% the total energy source, S and S the ion
and electron the heat sources, a the species index,
u, the parallel velocity, S7*™ the parallel momentum
source, m, the atomic mass of species a and Sperticle
the particle source. The EIRENE sources from atoms,
molecules, test ions (D) and recombination can be
distinguished. The total molecular losses are calculated
by summing up the molecular and test ion sources.
Section 5.1 identifies the loss channels which result
in a reduction of the power on the targets. The
potential energy needed for the ionisation of atoms is
not a volumetric loss channel, it represents only the
conversion of internal energy (i.e. heat) into potential
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profile of the total pressure drop, together with the factor f97°P (indicated with coloured numbers), (b) atomic,(c)

pres

molecular and (d) recombinative contribution to the parallel pressure drop, with their contributions to fiom

(indicated with coloured numbers).

energy and, since the ions and electrons are trapped in
the plasma, this energy is still deposited on the targets.
Therefore, it is removed from S¥. Additionally, the
energy radiated by neutrals was already considered in
the radiation losses and is therefore also subtracted.

The potential energy for the dissociation of
hydrogen molecules is, contrary to the ionisation
energy, not always deposited on the targets. The two
dissociated D atoms are not trapped in the plasma and,
since the ionisation mean free path is relatively large in
these TCV plasmas, these atoms can escape the plasma
and deposit the dissociation energy on the main wall.
This can be an important loss channel because the
dissociation of Dy by electron impact is the dominating
D reaction below T, = 10 eV [49]. However, if the
atoms are subsequently ionised after dissociation, the
dissociation energy will be deposited on the targets. It
is chosen to take the molecular dissociation energy as
volumetric losses, although this is an overestimation of
the real target power reduction.

Appendix B Derivation of the equation
for the ion current

Following [5], equation 3 is derived from the particle
and power balance over a part of the plasma (fig. B1):

I' = I\ + Tion = Irec (B.1)
Qt = ?I{Iv - Qimp — Qneuwt — @u (B.2)

with I* the target ion current, I;yaiv the incoming ions,
Iion the ionisation source and I,.. the recombination
sink. Q! is the target kinetic power and can be
rewritten as YT with + the sheath heat transmission
coefficient and T* the weighted average target electron

temperature. In figure 12, 477 is calculated as Q*/I?,
therefore describing an energy flux weighted average
Tt Q%{IV is the incoming power, Qimp is the impurity
radiation, Qpneyt is the energy transferred to neutrals
and @y is the energy lost from the plasma due to
the ionisation of hydrogen, including the potential
energy for ionisation and the hydrogenic radiation. Qg
can be rewritten as IionFion, with Fi,, the average
energy used per ionisation event, which is dependent
on temperature. Note that in [5], the neutral energy
losses are taken proportional to the ionisation rate,
i.e Qneut = lionFcx, leading to an effective cost of
ionisation Feg = FEion + EFcx, whereas here, the losses
are explicitly considered. Assuming that T4 is much
smaller than Ij,, — I;ec because of the high recycling
conditions, combining equation B.1 and B.2 yields:
?1{1‘/ _ Qimp - Qneut _ Irec

Eion +7T* 1+9T%/ Eion’
The values shown in figure 12 are integrated over the
outer divertor and the outer SOL (fig. B1). For all
other figures presented above, only the outer divertor is
taken, i.e. from the X-point to the target. As the main
SOL contributes to a large fraction of the ionisation,
not taking into account this part would violate the
assumption that Ijop — Irec > Ifll\il". Taking this volume,

I ﬁ\i]" is approximately one order of magnitude below I*.

I'=

(B.3)
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Figure B1: The volume indicated in yellow is taken for
the integration of the quantities in equation 3 and B.3.

Appendix C Derivation of the pressure
balance from the SOLPS

equations

SOLPS-ITER solves the parallel momentum balance
for each ion species. Summing up the individual
momentum equations, momentum transfer between
the ion species cancels out and the total momentum
balance is obtained. Using the current conservation,
the electric field contribution can be eliminated
by introducing, amongst others, the static electron
pressure. With x the poloidal direction and y the radial
one, the following equation is derived (in steady state
and in the absence of drift effects) [45,50]:

by O
h Oz (ptot) -V

g (i) S

.fvmisc_v.

anom mom
r S

__ qgmom
tot
with
Dtot = Z mana + Z ngd; + nele
b _ Bpoloidal
’ Btot
; 1 0 (h/g 9
v . Fmsc _ -~ 7VH
m h.\/g 0x hy Xa: Haz gy Va
1 0 [h,
+ \fz ay—v“
h f@y Oy

1 9 (h f
. [anom _ I HFanom
VT h.\/g 0x Z aVa
1 9 (hyg
-~ aV||Fanom
+ hz\/§ 6y hy ;m a —ay

and hg, h, and h, = 27R the metric coefficients,
V9 = hghyh. the elementary cell volume, T'25¢ the
viscous momentum flux and I'%**™ the momentum flux
due to the anomalous particle transport. S™°™ denotes
the sources of momentum (see [45] for details), found
to be dominated by momentum transfer to neutrals.
The fourth term on the right hand side of the pressure
balance is called the geometric term [50]. A part of
the geometric term cancels out with the centrifugal
force, which is part of S™°™  but the other part has
influence on the pressure balance and, hence, pressure
balance is not expected even in attached conditions
and in the absence of radial momentum transport.
However, the geometric term is small if the total flux
expansion is small (R' ~ R%), which is the case
here and pressure balance does approximately hold for
attached conditions.
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