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Abstract

While current tokamak experiments are beginning to utilise real-time feedback control systems to manage the plasma

exhaust, future tokamaks still require validation of theoretical models used to predict the threshold impurity concen-

tration required to facilitate stationary divertor operation. This work exploits new spectroscopic measurements of the

divertor nitrogen concentration, cN , in N2 seeded H-mode ASDEX Upgrade and JET plasmas to test the parameter

dependencies of the power flowing to the outer divertor, Pdiv,outer, the separatrix density, ne,sep, the plasma current, IP,

and the minor radius, amin. An experimental scaling law to predict the threshold cN required for detachment which

best fits the experimental data from both devices is cN ∝ P1.06±0.28
div,outer

n−2.67±0.27
e,sep I0.97±0.36

P
a−1.99±0.25

min
. The dependency of

Pdiv,outer and ne,sep is demonstrated over at least a factor of two change in both parameters and indicates a moderately

stronger dependence on ne,sep in comparison to the Lengyel model. This first assessment of the machine size scaling

highlights the need for similar measurements from other tokamaks to validate the results.

Keywords: impurity, nitrogen, divertor, concentration, spectroscopy, tokamak, seeding

1. Introduction

Reducing the power and particle fluxes impacting on

the divertor targets is one of the key challenges facing

future fusion experiments. One of the main techniques

to achieve this is through substantial seeding of impu-

rities, such as N2, Ne, or Ar, which will be utilised on

ITER to facilitate stationary divertor operation [1]. De-

spite impurity seeding being used for many years and

on many different tokamaks [2–7], direct measurements

of the seeding gas concentration are limited [8, 9]. Re-

cently, control of the divertor detachment state has been
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reliably demonstrated using real-time feedback control

on divertor measurements (e.g. shunt currents measur-

ing the outer divertor temperature [10], AXUV diodes

measuring the X-point radiation location [11], or fil-

tered cameras tracking the C III front position [12])

whilst using the fuelling and seeding gas valve fluxes as

actuators. This effectively removes the need for any de-

tailed understanding of the required impurity concentra-

tion. However, future tokamaks, like ITER and DEMO,

rely on validated predictions of the impurity concentra-

tion to ensure an integrated scenario compatible with

both the core and edge plasma.

Attempts to predict the impurity concentration have

been made using sophisticated scrape-off layer (SOL)

simulation codes, such as SOLPS [1, 13], and by us-

ing simpler approximations derived from the Lengyel

model [14–18]. Validating the predicted impurity con-
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Figure 1: The last closed flux surface is shown for each shot used in the database. Divertor spectrometer sightlines on both (a) JET and (b) AUG

are shown for reference.

centrations from these models in current devices is

therefore of high importance and, recently, a method

was developed to measure the N concentration, cN , in

the outer divertor of ASDEX Upgrade (AUG) using a

new spectroscopic N II line ratio technique [19, 20].

Since these spectroscopic measurements are generally

widely available, this paper builds on these studies to

create a database of cN measurements in partially de-

tached, H-mode plasma scenarios on both AUG and

JET-ILW. This paper presents the first experimental as-

sessment of cN in two, metal-walled tokamaks with ver-

tical outer divertor configurations to demonstrate the

key parameter dependences to reach detachment, in-

cluding the scaling with the separatrix density ne,sep and

the power flowing to the outer divertor Pdiv,outer.

The paper is structured as follows: section 2 and 3

presents the range of SOL parameters assessed in the

database and an overview of the model used to measure

cN . The parameter dependencies from the database are

described in section 4. An experimental scaling law for

predicting the threshold cN required detachment is pre-

sented in section 5 including comparisons to equivalent

theoretical scaling laws from 2P models. Finally, con-

cluding remarks will be given in section 6.

2. Experimental database

The database used to assess the threshold outer di-

vertor nitrogen concentration, cN , required to reach de-

tachment spans 13 pulses on AUG and 10 pulses on

JET-ILW carried out between the years of 2013 − 2020.

Each pulse has a phase of N2 seeding during H-mode

with a partially detached outer divertor. The detachment

state of the outer divertor is assessed on AUG by using

the real-time estimate of the outer divertor temperature,

Tdiv, derived from shunt measurements [10]. On JET,

both the roll-over of the ion saturation current and tem-

perature estimate from Langmuir probe measurements

in the outer divertor are used to estimate the detachment

state [21]. Furthermore, since simulations show that the

N II emission front is a good indicator for the poloidal

location of the deuterium ionisation front [22], a combi-

nation of N II measurements from spectroscopy and fil-

tered divertor camera images are used to verify the LP

measurements on JET. Note that the cN are measured at

detachment onset, rather than at full roll-over. The pa-

rameter dependences discussed in section 5 may be dif-

ferent if deeper detachment is required [23]. Lastly, the

SOL conditions between JET and AUG have not been

optimised in this database to produce similarity exper-

iments [24]; however, on both machines, the outer di-

vertor target is located on the vertical target as shown in

figure 1.

The database includes a range of parameters: from

AUG the data span ne,sep = 2 − 4 × 1019 m−3, Psep =

3.5 − 12 MW, and IP = 0.8 − 1.20 MA, and from JET

ne,sep = 2.2 − 3.5 × 1019 m−3, Psep = 14 − 22 MW,

and IP = 2.5 MA. On both machines, the elongation is

κ ≈ 1.7, while amin ≈ 0.5 and amin ≈ 0.9 on AUG and

JET, respectively.
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(a) KL11 JET #97122 t=13.547 s (inter ELM) (b) KL11 JET #97122 t=13.481 s (during ELM)

(c) KT3B JET #97122 (inter ELM) (d) KT3B JET #97122 (during ELM)

Figure 2: Tomographic inversions of the divertor camera images on JET, filtered to the narrow band-pass covering the N II emission at λ ≈ 500 nm

are shown for (a) an inter ELM and (b) ELM time frame during JET #97122. Note that the same colour scale is used in both (a) and (b) and has

been artifically saturated to demonstrate the differences in poloidal location of the emission. The radiance of the N II line at λ = 404.1 nm from the

divertor spectrometer measurements in the same pulse fitted during inter ELM and ELM time windows is shown in (c) and (d), respectively.

3. Divertor nitrogen concentration

The model for calculating cN is given by

cN =
4πINII

( fN+PECexc + fN2+PECrec)

1

∆Ln2
e,NII

, (1)

where INII is the N II radiance in [ph/s/m2/steradian],

∆L is the length of the N II emitting region through

the line-of-sight (LOS) in [m], PECexc,rec are excitation

and recombination photon emissivity coefficients [19]

in [m3/s], fNZ is the fractional ion abundance of the Z

charged ion, and ne,NII is the electron density in [m−3]

averaged through the LOS. The fNZ is calculated using

a zero-transport ionisation balance. The assumption of

zero-transport was tested in figure 7 of [19] and shown

to be valid for temperatures measured below ≈ 4 eV.

This is also discussed further in section 3.2.

3.1. Impact of ELMs

The principle spectrometers used on AUG and JET

are the Czerny Turner-like visible spectrometer [25] and

the mirror-linked spectrometer [26], which have tempo-

ral resolutions of 400 Hz and 25 Hz, respectively. The

sightline geometries for the JET and AUG spectrome-

ters are shown in figure 1. The ELM frequencies on

both machines are typically greater than 50 − 100 Hz.

Where inter ELM measurements are not possible, it is

crucial to assess the impact of the ELM on the N II ra-

diance measurement.

Tomographic reconstructions of the filtered divertor

camera images measured on JET [27], which take into

account reflections, are used to assess the impact of

ELMs in JET #97122 which has a sufficiently low ELM

frequency. The inverted N II emission measured inter

ELM and during the ELM is shown in figure 2a and

b, respectively, where the same colour scale is used in

both. During the inter ELM phase, the N II emission is

located mid-way between the X-point and strike-point

close to the separatrix. When the ELM occurs, the

emission zone moves close to the target. For the verti-

cal viewing geometry used by the divertor spectrometer,
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