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As the operation of future devices will require target heat fluxes of less than 10-20 MW/m2,

finding ways of dissipating the power before it reaches the divertor targets is a critical issue.

This can be achieved by injecting low-Z impurities in the divertor to radiate part of the power.

Impurity seeding can also facilitate the access to a detached regime where a reduction of target

heat loads and a drop of the target ion flux is associated with the development of momentum

losses along the SOL. Such a regime is expected to be necessary in ITER or DEMO, and in both

experiments, it is expected that impurity seeding will be required to access it.
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Figure 1: Plasma geometry. The

two gas valves used to inject N2 or

D2 are indicated. The red line indi-

cates the interferometer line used to

determine the line-averaged density.

Experimental setup We explore N2-seeding detachment

in L-Mode, Lower Single-Null, Ohmic-heated discharges,

with a plasma current IP ≈ 340 kA on TCV. The ∇B-drift is

directed away from the X-Point. The overall plasma geome-

try is plotted in figure 1. The plasma is fuelled by injecting

D2 in the common flux region, the fueling rate being con-

trolled by a feedback loop based on the line-averaged density

〈ne〉. In the N2-seeding discharges, N2 is injected in the pri-

vate flux region, following a prescribed, feed-forward ramp.

Three different cases are studied: i) a 〈ne〉-ramp, where 〈ne〉

is linearly increased from ≈ 5×1019 m−3 (Greenwald frac-

tion fG = 30%) to≈ 12×1019 m−3 ( fG = 70%), as shown on

panel a) of figure 2; ii) A “high”-density N2-seeding ramp,

where the N2 flux is linearly increased (up to saturation)

(panel b)) over time while 〈ne〉 is kept approximately con-

stant (≈ 9× 1019 m−3, fG = 45%, panel a) of figure 2); iii)

A “low”-density N2-seeding ramp, where the N2 flux is lin-

early increased over time while 〈ne〉 is kept approximately

∗See the author list of S. Coda et al, 2017 Nucl. Fusion 57 102011.
†See the author list of H. Meyer et al 2017 Nucl. Fusion 57 102014.
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constant (≈ 4×1019 m−3, fG = 22%). In both seeding cases, the N2 seeding starts at t = 0.8 s.

Unless stated otherwise, the outer target flux expansion ( fx) is 10. This geometry is known to a

significant drop of the outer target ion flux as 〈ne〉 is increased [1, 2].
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Figure 2: General evolution of 〈ne〉-ramp and

N2-seeding L-Mode scenarios

Main observations In panel f) of figure 2, we plot

the evolution of the integrated ion flux to the outer

target, Γo
t , as a function of time for the different

cases. All three cases show a reduction of the tar-

get ion flux, either after a certain density threshold

(〈ne〉 ramp) or a certain N2 flux has been reached.

In the high-density, N2 seeded case, the ion flux de-

creases as soon as the seeding starts, while the low-

density case starts to roll-over only ≈ 0.2s after the

beginning of the seeding. The most striking differ-

ence between N2 seeding and 〈ne〉-ramp appears to

be the behavior of the integrated ion flux to the in-

ner target, Γi
t , plotted in panel e) of figure 2. While

in the 〈ne〉-ramp, a continuous increase is seen, the

N2-seeding scenarios show a decrease of Γi
t , an in-

dication than the inner strike point remains attached

in the 〈ne〉-ramp while it detaches in the N2-seeding

cases. Bolometric measurements show that in the

high-density N2-seeding case, the radiation at the X-Point is already close (∼ 20% lower) to the

radiation along the leg before the seeding (panel d) of figure 2). As N2 is injected, it quickly

becomes more prominent that radiation along the leg. In the low-density N2-seeding case and

in the 〈ne〉-ramp, three radiations regions are initially present near the X-Points and both strike-

points. As density is increased or N2 is seeded, the radiation region near the X-Point becomes

more prominent and the radiation peak along the outer leg moves towards the X-Point. This is

apparent from panel d) of figure 2, where the ratio of the radiated power along the leg to the

radiated power close to the X-Point quickly drops. In all cases, the radiation peak along the

outer leg starts to move just before the rollover of Γo
t (panel g). Observations of the Carbon-

III emission with a Multi-Spectra-Imaging system (MSI) also reveal a similar behavior of the

CIII-front in the 〈ne〉-ramp [2]. Measurements with a divertor spectroscopy system show that

recombination rates remain low, while the decrease of the ionization source in the divertor is

likely responsible for the observed drop of Γo
t [3, 4].
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Influence of geometry To check the influence of the plasma geometry on the N2-seeding effi-

ciency, fx and target major radius Rt scans were performed. Both these parameters are supposed

to be beneficial for the access to detachment at large values [1]. However, besides a slightly dif-

ferent Γo
t before the seeding starts, no significant difference has been observed on the dynamics

of integrated or peak ion flux to the outer target.
Development of a pressure drop
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Figure 3: Upstream and target pressures in the three

studied cases, for fx = 10.

In figure 3, the comparison of the target

pressure pds (as measured by Langmuir

probes) and of the upstream pressure pus

(measured either by a Thomson diagnos-

tic or by a fast reciprocating probe) show

in all three cases a reduction of pds, and

the development of a drop between pus and

pds, which confirms the onset of detach-

ment in these plasmas. Using a set of recip-

rocating probe plunges at different times

throughout identical discharges, we recon-

struct pus as a function of time. The profile

is then fitted by a decaying double-exponential. pds is fitted by an Eich’s fit-like function. By

integrating those fits, a global pressure drop can be estimated as

∆p =

∫
p f it

ds dρ∫
p f it

updρ
(1)
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Figure 4: Evolution of the pressure

drop ∆p. The lines are cubic-spline fits.

where the integrals are taken either from ρ = 1 to 1.1
or from the location of the peak of the target profile up

to ρ = 1.1. In figure 4, we have plotted the evolution of

∆p as a function of time in the case of a 〈ne〉-ramp and in

the high-density, N2-seeding case. In both situations, we

observe the decrease of ∆p, an indication that momentum

losses are occurring in the divertor. The extent of the pressure drop ∆p appears to be smaller

in the N2-seeding experiments, although experimental uncertainties (both on the pressure mea-

surements and profile alignment between upstream and targets) prevent a precise quantitative

estimate. It should be noted that the≈ 70% drop found in the 〈ne〉-ramp is consistent with previ-

ous results in TCV, where the Self-Ewald model (based on the assumption that the momentum

losses are only due to charge-exchange, whose rate compared to ionization is estimated by

spectroscopic measurements) predicted a similar level of pressure drop [4].
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Figure 5: Upstream density profiles

for 〈ne〉-ramp and N2-seeding, ob-

tained by a reciprocating probe.

Evolution of upstream density profile The observa-

tion of the upstream density profiles ( fx = 10) further

reveals the onset of a density shoulder in the 〈ne〉-ramp

case, as discussed previously in [2, 5]. In the N2-seeding

discharges however, no such behavior is observed, as

shown in figure 5. It should be noted that the onset of

a density shoulder in the 〈ne〉-ramp case coincides with

the roll-over of Γo
t , although a causality relation between

the two cannot be inferred. However, by “raising” the up-

stream density of flux tubes at ρ > 1, the formation of a shoulder may contribute to the propa-

gation of the detachment away from the separatrix. Furthermore, due to the broadening of the

density profile, the shoulder could potentially modify the plasma-wall interaction at the outer-

midplane, resulting for instance in a lower outer target ion flux after detachment or enhanced

power losses due to additional carbon erosion at the main wall. However, a scan in the outer gap

value has shown that this effect is not sensitive to the value of the outer gap.
Summary In this paper, we summarized the main observations of the L-Mode N2 detachment

experiments in TCV. At both low- and high- 〈ne〉, a drop of the target ion flux is observed after

the injection of N2. The inner strikepoint detaches in N2-seeded discharges, while it remains

attached in 〈ne〉-ramp. No clear effect of the geometry could be seen on the dynamics of de-

tachment with N2 seeding. The comparison of upstream and target profiles shows, both for N2

seeding and density ramps, the presence of a pressure drop along SOL field lines, which proves

the detached state of the divertor. In the high-density seeding case, a series of probe plunges in

repeat discharges allowed to further quantify the evolution of the pressure drop, which appears

to be lower than in the 〈ne〉-ramp experiments, although precise quantification is difficult. No

density shoulders are observed in N2 seeding, unlike in the 〈ne〉-ramp. Such behavior is con-

sistent with observations on JET [6]. These experiments pave the way to the study of H-Mode,

N2-seeded detached scenarios at TCV that are now under investigation.
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