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The plasma flux to the main chamber has significant influence on impurity sources, first-wall 

lifetimes and through recycling, core confinement[1]. The appearance of shoulders and the 

subsequent broadening of the scrape-off layer (SOL) density profile indicates radial transport is 

non-diffusive[2,3]. Indeed convective, filamentary structures, observed on many machines [4], 

likely dominate the radial transport at the first wall and may lead to shoulder formation 

The density shoulder is quantified here as the maximum 

difference of a given density profile, normalised to the 

separatrix density, compared to a reference, low density profile 

where the divertor is in the sheath-limited regime. This quantity 

will be referred to as the shoulder amplitude (figure 1).  

There are several potential mechanisms which may control 

shoulder formation. Mechanisms in the main chamber SOL, or 

upstream, include firstly the ionisation of neutrals, locally 

fuelling the SOL and secondly, the change to filament properties based on core plasma 

parameters, (e.g. core density <ne>, plasma current Ip or others). Mechanisms in the divertor 

region, or downstream, include firstly increasing electrical resistance, expressed as a collisionality 

at the divertor target, 𝚲div, influencing filament properties. Secondly, neutral processes in the 

divertor region could affect the upstream SOL indirectly.  

Recent analysis of L-mode ASDEX and JET plasmas concluded 𝚲div is a control parameter for 

shoulder formation[5]. The results here suggest 𝚲div >1 may be a necessary condition, but it is not 

sufficient; another mechanism is responsible. Additionally, upstream neutral ionisation is not 

responsible.  
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Figure 1:Example and  definition of 
the shoulder 
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To study the potential mechanisms which lead 

shoulder formation, our experimental pulses 

varied <ne>, Ip, divertor configuration and input 

and seeding gases.  

As a first step, a set of Ohmic density ramps 

w e r e p e r f o r m e d , w i t h v a r y i n g I p 

=(1.5,2.0,2.5,3.0)MA, at fixed q95 = 3.1, in 

horizontal target configuration (outer strike 

point on Tile 5). The discharge was fuelled via 

D injection into the private flux region (PFR) 

and the divertor low field side (LFS) SOL. The divertor conditions ranged from sheath-limited to 

detached at all Ip. The upstream SOL ne profile was measured using the Li beam diagnostic [6]. 

Figure 2 shows the shoulder amplitude as a function of 𝚲div = 3.4x10-15L//ne,div/Te,div2 , for all Ip, 

calculated using divertor Langmuir probes. L// ~60m is the field line length from mid plane to 

Divertor, ne,div and Te,div are the electron density and temperature at the divertor target respectively. 

𝚲div was calculated using divertor Langmuir probe data lying in flux surfaces between 0-1cm 

outside the mid-plane separatrix. Note that the shoulder forms 2-3cm from the separatrix 

referenced to the mid-plane (figure 1) where there were no corresponding divertor target 

Langmuir probe data. Nevertheless, the data of figure 2 shows that shoulder forms at values of 

𝚲div = 1-3 inline with previous results from ASDEX and JET [5] which used 𝜆n to characterise the 

shoulder and calculated 𝚲div at points corresponding to r-rsep=1.5cm at the mid-plane. The results 

of Fig. 2 are particularly strong in that the study was done over a wide range of plasma currents 

and densities.  In terms of divertor condition, shoulder formation occurred at the transition from  

sheath-limited to high-recycling transport regimes, not at divertor detachment [5].  

When changing the outer strike point to the vertical divertor target (outer strike point on Tile 7), 

for the same range of <ne>, core Te and mid-plane pressures as the horizontal target, with Ip = 

2.5MA, the shoulder is not present, as shown in figure 3(a). Given that the same mid-plane 

pressures are achieved as a function of <ne> in both horizontal and vertical targets, the absence of 

shoulders with vertical target suggests ionisation of neutrals in the SOL is not playing a significant 

role in shoulder formation, in line with observations of density shoulders on MAST [7]. Such a 

general equivalence of the upstream conditions for the two divertor configurations, together with 
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Figure 2: Shoulder amplitude as a function of divertor 
collisionality, 𝚲div .For all Ip the shoulder forms at 

𝚲div=1-3.   
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the lack of shoulder formation in vertical configuration indicates that the mechanism dominating 

shoulder formation is in the divertor region. Regarding the role of 𝚲div, its value is comparable 

near the separatrix in both configurations, but low (~1) for the vertical target in regions where the 

shoulder should form (r-rsep=2-3cm). However, given the lack of data there for the horizontal target 

we cannot make a proper comparison.  

As another test of the role of upstream vs downstream effects, N injection was used to increase 

𝚲div whilst keeping upstream conditions approximately constant. Due to its sticking property, N 

levels built up in the machine during successive N seeded pulses. The N  injection rate into the 

LFS SOL, with horizontal divertor configuration, was ramped from 0-1.5e22e/s over 10s. In the 

period prior to N injection in the first pulse (D2 fuelling only), a low amplitude shoulder formed  

at 𝚲div=5, consistent with the data of figure 2. During the subsequent N injection in the same 

pulse, 𝚲div increased to 50 with no further increase of shoulder amplitude. After multiple N seeded 

pulses, the N remaining in the machine, along with a standard D2 fuelling, led to shoulders 

forming at 𝚲div=20 (see figure 4), indicating 𝚲div>1 is not a sufficient general condition to induce 

shoulder formation, although it may be a necessary condition. Based on the effect of N injection 

on shoulder formation we cannot rule out that changes in 𝚲div are a consequence of shoulder 

formation and not a controller of it.  

The studies presented explore the proposed mechanisms for shoulder formation. Upstream D 

ionisation will locally fuel the SOL, but the absence of the shoulder formation in vertical target 

r-rsep	(cm)

10
0

10
1

0 1 2 3 4

! d
iv

Horizontal	

Vertical

Vertical
Horizontal	

r-rsep	(cm)

n e
/n

e,
se
p	 Li

m
ite

r	s
ha
do

w
	

(v
er
tic
al
)

Li
m
ite

r	s
ha
do

w
	

(h
or
izo

nt
al
)

100

10-1	

0 1 2 3 4

(a) (b)

Figure 3: (a) Upstream  radial density profiles normalised to separatrix density for vertical and horizontal 
divertor configurations. (b) Corresponding radial profile of divertor collisionality 𝚲div, mapped upstream. 
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indicates it is insufficient to cause the 

shoulder formation. The general equivalence 

of the upstream conditions, in vertical and 

horizontal target, localises the mechanism 

responsible for shoulder formation to the 

divertor region. Furthermore, N injection into 

the LFS SOL decoupled 𝚲div and the 

formation of the shoulder, indicating 𝚲div is 

not the general control parameter, nor 𝚲div>1 

the sufficient and necessary condition. 

Therefore another mechanism must be 

responsible and it appears to be some aspect 

of divertor condition. Progressing towards the identification of the control mechanism, the results 

presented here indicate that one or more neutral processes in the divertor are responsible. The lack 

of effect of N upon the shoulder in comparison to D provides direction for further investigation. 

With regard to implications for future devices, the results here suggest that modifying the 

downstream conditions via N does not contribute to the shoulder formation.  
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Figure 4: Shoulder amplitude as a function of divertor 
collisionality, 𝚲div, for N seeded and unseeded pulses. 
The grated area is the same data as figure 1. 
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