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Abstract 

Changes in global and edge plasma parameters (H98(y,2), dimensioneless collisionality ν*, core 

density peaking, separatrix density ne,sep) with variations in the D2 fueling rate and divertor 

configuration are unified into a single trend when mapped to Te,ot, the spatially averaged 

spectroscopically derived outer target electron temperature. Dedicated JET with the ITER-like  

wall (JET-ILW) experiments in combination with an extended JET-ILW database of unseeded 

low-triangularity H-mode plasmas spanning a wide range of D2 fueling rates, Ip, Bt and heating 

power have demonstrated the importance of Te,ot as a key parameter linking the recycling 

particle source and detachment with plasma performance. The remarkably robust H98(y,2) trend 

with Te,ot is connected to a strong inverse correlation between Te,ot, ne,sep and ν*, thus directly 

linking changes in the divertor recycling moderated by Te,ot with the established relationship 

between ν*, core density peaking and pressure resulting in a degradation in core plasma 

performance with decreasing Te,ot (increasing ν*). A strong inverse correlation between the 

separatrix to pedestal density ratio, ne,sep/ne,ped, and Te,ot  is also established, with the rise in 
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ne,sep/ne,ped saturating at high Te,ot>10 eV in attached divertor conditions, consistent with the 

observed H98(y,2) reduction as Te,ot is driven from 30 to 10 eV via additional D2 gas fueling. 

Consequently, the pronounced performance degradation in attached divertor conditions has 

implications for impurity seeding radiative divertor scenarios, in which H98(y,2) is already low 

(~0.7) before impurities are injected into the plasma due to moderate gas fueling requirements 

for promoting high divertor neutral pressure. A favorable pedestal pressure, pe,ped, dependence 

on Ip has also been observed, with an overall increase in pe,ped at Ip=3.4 MA as Te,ot is driven 

down from attached to high-recycling divertor conditions, in contrast to the lower Ip branches 

in which pe,ped is reduced with decreasing Te,ot. Further work is needed to clarify the potential 

role of edge opacity on the observed favorable pedestal pressure Ip scaling, as well as in 

projecting the global and edge plasma performance trends with Te,ot to reactor-scale devices 

to improve predictive capability of the coupling between recycling and confined plasma fueling 

in what are foreseen to be more opaque edge plasma conditions.  

 

1. Introduction 

Understanding and controlling the properties of the recycled fuel species particle source, its poloidal distribution and 

penetration into the confined plasma region of a toroidal magnetic fusion device is important for achieving operational scenarios 

that can satisfy requirements for core plasma performance while ensuring the survivability of the surrounding vessel wall 

materials. In present day devices, recycled neutrals have been shown to significantly influence the structure and evolution of 

the density profile in the pedestal and scrape-off layer (SOL) regions of the edge plasma (e.g., [1] and references therein), with 

the midplane density at the separatrix recognized as an important interface parameter between the edge and core plasma (e.g., 

[2,3]). Decoupling the edge neutral source from excessive fueling of the confined plasma is a highly desirable attribute of core-

edge compatible scenarios. While the degree of edge neutrals influence on the confined plasma is predicted to be reduced in 

large reactor-scale devices such as ITER due to improved neutral compression in the divertor and higher edge neutral opacity 

[1,4–6], experimental demonstrations linking divertor plasma parameters with pedestal and global performance parameters on 

current devices are needed to identify the governing physical processes constraining the compatibility of these plasma regions 

as well as for advancing the validation of SOL-edge-core integrated models.  

In JET with the ITER-like wall (JET-ILW), increased gas puffing has been associated with reduced pedestal and global 

confinement [7–9]. Early on in ILW operations additional gas fueling requirements became necessary to suppress W sputtering 

and accumulation in the core plasma, which has led to an overall decrease in global confinement and pedestal pressure [7]. This 

degradation in performance compared to JET with Carbon wall (JET-C) has been at least partially recovered by operating in a 

divertor magnetic configuration in which the strike points are located close to the pump entrance (the corner-corner, CC, 

configuration, see Figure 1) with increased pumping efficiency proportional to the neutral pressure at the pump entrance.  As 

previously reported in [10,11], a strong influence of the divertor configuration on global confinement is correlated with large 

changes in the recycling patterns for the outer horizontal, outer vertical and corner-corner configurations. Using sub-divertor 

neutral pressure measurements, it was observed that the pumped particle flux increases as the outer strike point is moved 

towards the pump duct, with the highest performance obtained for the corner-corner configuration for a given fueling rate.  

Recovery of the degraded plasma performance imposed by additional gas fueling in JET-ILW has been demonstrated in N2 

and Ne seeded H-mode integrated scenarios with the performance improvement attributed to suppression of ion temperature 

gradient (ITG) turbulence through core dilution leading to an increase in core Ti [12] and a recovery in pe,ped due to increasing 

Ti,ped with sufficiently high heating power in high-δ Ne seeded scenarios [13], replicating similar benefits of N2 seeding on pe,ped 

at lower input power [14]. A broad spectrum of core and pedestal transport and stability behavior is thus required to describe 

the integrated seeded scenario performance improvement.  

The focus of the present work is to link the previous studies above with the electron temperature at the divertor target, Te,t, 

which is the main parameter controlling divertor recycling and detachment. Whereas the main actuators are the auxiliary heating 

power, gas fueling rate and pumping efficiency − which depends on the divertor strike point location − the basic divertor physics 

parameter strongly correlating with the volumetric energy and momentum dissipation trends, thus leading to high recycling and 

detachment, is Te,t [15,16]. In the context of the JET-ILW gas fueling rate scans and divertor geometry impact on plasma 

confinement, correlations with Te,t have not been attempted thus far due to long-standing challenges associated with the 
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measurement and interpretation of the outer target electron temperature in the JET divertor in different magnetic configurations 

and over a range of plasma conditions.  

The paper is organized as follows. Section 2 describes the dataset comprised of unseeded (pure deuterium) L-mode and H-

mode fueling scans whereas in Section 3 the methodology for obtaining spectroscopic estimates of the outer target electron 

temperature is presented enabling the present study. These measurements provide, for the first time on JET-ILW, more accurate 

and routine estimates of the target electron temperature in the range 0.5-30 eV. In Section 4 correlations between the ‘upstream’ 

plasma parameters and the target electron temperature are presented, which unify previously disparate divertor configuration 

dependent trends mapped to the gas fueling rate. These new correlations are connected with previous dimensionless 

collisionality scans and the associated core and pedestal behaviors leading to performance degradation at high collisionality 

and low target electron temperature. In Section 4 the properties of the pedestal pressure in transitioning from low recycling to 

high recycling divertor conditions are also described, showing a favorable Ip scaling in pedestal pressure at high recycling 

conditions. The observations and their implications are summarized in Section 5.  

A companion paper [17] expands on the results presented in this work with the aim of developing a consistent description 

of the relationship between divertor conditions and the midplane separatrix density, with emphasis on the applicability and 

limitations of reduced SOL models, such as the extended two-point model (2PM), in describing the main physical processes 

governing the scaling of the midplane separatrix density. 

2. Dataset 

Dedicated Ip=2 MA, Bt=2.3 T, low-δ unseeded H-mode discharges were carried out in different divertor configurations for 

the purpose of obtaining global and edge plasma parameter correlations with a consistent deuterium fueling and heating scheme. 

These discharges were heated with PNBI=16 MW of neutral beam heating power and PICRH=2-3 MW of ion cyclotron resonance 

heating power, and fueled mainly by toroidally distributed gas introduction modules (GIMs) located at two poloidal locations 

on the high field (HFS) and low field (LFS) side in the divertor (Figure 1), with the total fueling rate, ΓD2, varying in the range 

0.8-10×1022 e-/s. Figure 1 shows the different divertor configurations and the strike point proximity to the inner and outer 

pumping ducts, as well as the location of the cryopump. The configuration naming convention based on the position of the 

inner and outer strike points (ISP and OSP) are as follows: i) VH(C) and VH(D): inner vertical, outer horizontal tile 5 stack C 

and stack D; ii) VV: inner vertical, outer vertical; iii) CC: inner corner, outer corner; and iv) VC(T6): inner vertical, outer on 

top of tile 6, which is achieved by sweeping the OSP from the corner to the top of tile 6, with the ISP also being swept from 

the inner corner onto the inner vertical tile. A similar main chamber plasma shape was maintained as much as possible within 

the limitations of plasma shaping capabilities in configuring the divertor strike point positions (Figure 1). In particular, a ~10 

cm upward vertical shift of the plasma could not be avoided in the VV configuration in order to place the inner and outer strike 

points on tiles 3 and 7, respectively.   

To further test the sensitivity of the results to heating power, Ip and Bt, we compiled an expanded dataset of unseeded low-δ 

deuterium fueled discharges from the 2019-2020 JET-ILW experimental campaign with a range in beam heating power PNBI=9-

25 MW, PICRH=2-5 MW, Ip=1.5-3.4 MA, Bt=1.7-3.5 T and q95=3-3.4. To obtain a large range in ΓD2 for the 3.4 MA, 3.5 T high 

performance, high power baseline scenario cases, we took advantage of a large increase in gas fueling that was introduced near 

the Ip ramp-down phase at the end of the discharge, with Ip varying at most 10% over the time window of interest. Typically, 

at least a 0.5 s window was used for time-averaging the reported results, corresponding to stationary conditions during the 

discharge. Inter-ELM outer midplane edge plasma electron temperature and density profiles were obtained using the high 

resolution Thomson scattering (HRTS) system [18]. 

To evaluate the quality of the outer target temperature measurements (Section 3), as well as to facilitate an assessment of 

the volumetric pressure-momentum and cooling loss trends described in the companion paper [17], we also carried out 

dedicated L-mode density ramp discharges in the four divertor configurations. Due to operational constraints and to avoid the 

L-H threshold in the VH configurations, the heating power variation in these discharges is in the range 1.1-2.5 MA.  

3. Outer target electron temperature measurements 

The primary diagnostic used for estimating the divertor electron temperature is the mirror-linked divertor spectroscopy 

system [19,20]. Figure 1 shows the vertical spectroscopy outer divertor lines of sight (LOS), with a spatial resolution of 17 mm. 

The divertor thermal electron temperature is inferred from the line-integrated Balmer photo-recombination continuum emission, 

as described in [21]. Inboard of the OSP the electron temperature estimates can be mapped to the region along the outer divertor 

leg and into the private-flux region (PFR) below the X-point, as inferred through synthetic spectroscopy post-processing of 

EDGE2D-EIRENE simulations [21,22]. These spatially resolved measurements are further complicated by the presence of 

reflections from the tungsten tile surfaces, and, although the influence of reflections on the radial Te and ne profiles has been 
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estimated using the Cherab and Raysect codes [23,24], there remains uncertainty with respect to assumptions on the tungsten 

bidirectional reflectance distribution function, which likely vary spatially and temporally. Nevertheless, the synthetic 

spectroscopic results have shown that at the OSP, reflections have little impact below 10 eV. As a consequence of the highly 

localized emission at the OSP, the spectroscopic Te,OSP estimates are within a factor of two of the ‘actual’ target values in the 

EDGE2D simulations, but, whereas in experiment Te,OSP0.5 eV is regularly measured in conditions of pronounced detachment 

in L-mode density ramps, the synthetic spectroscopic results have so far not yielded Te,OSP below 1 eV in simulations with 

‘actual’ values below 1 eV. Since the Bremsstrahlung emission in EDGE2D simulations depends on the spatial distribution of 

ne and Te, and is therefore influenced by the divertor plasma solution and the underlying assumptions on atomic physics 

processes and radial transport coefficients, reconciling the differences between synthetic measurement with experiment results 

is challenging in and of itself. Additionally, the 17mm spatial resolution combined with fluctuations in the position of the strike 

point over the 40 ms camera integration time result in moderate spatial smearing around the strike point, such that the electron 

temerature measurement near the OSP is more aptly described as a spatially averaged value around the OSP, Te,ot. The 

spectroscopic method yields measurements in the range 0.5 ≤ Te,ot ≤ 30 eV, with larger uncertainty above 10 eV due to the 

reduced sensitivity in the Balmer photo-recombination edge height [21].  

Allowing for the above limitations, Figure 2 shows the evolution of the spectrosopically and Langmuir probe (LP) derived 

radial Te profiles from an L-mode density ramp with the OSP on the outer horizontal target in the VH(C) configuration. Early 

in the discharge the peaked spectroscopically inferred Te,t profile is in reasonable agreement with the LP Te,t, indicating that the 

Bremsstrahlung emission is concentrated at the target. As the spectroscopic Te,t decreases, the radial profile starts to invert since 

the line-integrated signal away from the OSP corresponds to volumetric emission away from the target surface, while the 

emission near the OSP remains more localized. As the spectroscpoic Te,t decreases to 0.5 eV, the LP Te,t remains above 10 eV 

throughout the density ramp. It is reasonable to conclude from this comparison that the LP mesurements are not suitable for the 

present study due to known distortions of the probe current-voltage characteristics from kinetic effects leading to an 

overestimate of Te,t [25–27].  

The VH(C) configuration is diagnostically optimized since the unobstructed view of the bulk tungsten tile 5 provides full 

spatially resolved spectroscopic radial profiles near the target. This level of detail is not available for diagnosing the outer target 

parameters in the VV and CC configurations due to the partially obstructed view and spectrometer viewing angle relative to 

the vertical target inclination (Figure 1). The outer target electron temperature spectroscopic measurement in the VV 

configuration is obtained from the chord closest to the OSP, and is considered an emission weighted average, Te,ot. In the case 

of the CC configuration, the OSP is often swept onto tile 6 as part of the thermal management of the surface temperature. Where 

the strike point is swept (with a typical frequency of 4 Hz) into the view of the divertor spectrometer on top of tile 6, direct 

measurement of Te,ot is possible. In the case of a stationary OSP in the outer corner of tile 6 (as shown in Figure 1), a single 

LP provides ion saturation current, jsat, measurements, but in this configuration the OSP is not in the view of the divertor 

spectroscopy system.  

We have estimated an empirical correction factor in the CC configuration with the OSP out of view of the spectrometer by 

using the spectroscopic electron temperature estimate Te,otouter-most from the outer-most unobstructed chord such that 

Te,ot1.5Te,otouter-most by noting the remarkable similarity in the peak-normalized integrated outer target ion current Iot vs Te,ot 

trends shown in Figure 3.a. This factor can be applied to the outer-most spectroscopy chord on the basis that the normalized Iot 

vs Te,ot trend in the CC configuration should overlap with the unified trend established for the other geometries. The physical 

justification for this assumption relies on the expectation that in the moderate to high-recycling regime with Te,ot > 5 eV above 

the Iot saturation and rollover point in Figure 3.a, Iot  pe,uTe,t
-1/2 with pressure conservation along the open field lines in the SOL 

from the upstream OMP to the divertor target [16] (i.e., pe,upe,t), with Te,t
-1/2 being the main Iot driver while the pe,u dependence 

is relatively weaker. For consistency throughtout this paper we consider attached divertor conditions at Te,ot>10 eV, high 

recycling for Te,ot<10 eV and pronounced (particle) detachment below roughly 2 eV corresponding to the Iot rollover point. In 

[17] we discuss in detail the volumetric momentum and cooling loss measurements from the same L-mode density ramp 

discharges, with the pressure-momentum loss onset corresponding to the Iot saturation point.  

In the CC(T6) configuration with the OSP in view of the outer spectroscopy chord during the strike point sweeps, the Iot  

pe,tTe,t
-1/2  ne,tTe,t

1/2  trend (Figure 3.a, open symbols) is estimated using spectroscopically derived ne,t from Dδ Stark broadening 

measurements [28], since the inboard part of tile 6 lacks LP coverage. To confirm the validity of spectroscopic Iot  estimates, 

the Iot vs Te,ot trends were compared in the VH(C) configuration using both LP measurements and spectroscopy, with the two 

methods being in good agreement (not shown for clarity). The above procedure for estimating the Te,ot correction in the CC 

configuration is only valid up to the Iot rollover point, since additional data past the rollover point could not be obtained. While 

the empirically derived correction factor provides approximate Te,ot estimates in the CC configuration, there is a clear need 
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for direct measurements of the electron density and temperature at the outer corner tile 6 target to reduce uncertainty in the 

obtained values, as well as to provide spatially resolved target ne and Te profiles.  

4. Target electron temperature correlations 

With advances in the JET-ILW divertor density and temperature measurements described in Section 3 and in [21,22,28], it 

is now possible to compare the divertor configuration influence on the plasma performance on the basis of divertor physics 

parameters rather than the deuterium fueling rate, ΓD2. As demonstrated from analysis of 2D plasma boundary simulation 

datasets [16,29], and supported by experiments [15,30,31], including from analysis of the JET L-mode discharges in the 

companion paper [17], the physical processes moderating divertor recycling behavior, neutral-plasma interactions and the 

associated volumetric power and momentum loss trends exhibit a primary dependence on the outer target electron temperature. 

Hence, the expectation is that Te,ot, the averaged outer target electron temperature measurement on JET-ILW, is a more suitable 

ordering parameter for comparing variations in recycling patterns in different divertor configurations, and should reconcile the 

impact of pumping efficiency with strike point position observed in [10,11].  

The normalized Iot rollover trends obtained from L-mode density ramps (Figure 3.a) serve as a valuable reference for the 

ELMy H-mode discharges for which the interpretation of inter-ELM recycling behavior is complicated by the ELM frequency 

and amplitude over the range of the ΓD2 (or Te,ot) scan. The divertor recycling response to ELMs is also compounded by the 

interplay of deuterium implantation and desorption dynamics on tungsten surfaces [32]. We have estimated Iot for the subset of 

the H-mode dataset, namely the Ip=2MA, Bt=2.3 T, PNBI16 MW discharges, by ELM-filtering the LP jsat data where possible, 

with the uncertainty in the Iot estimates increasing with ELM-frequency and ΓD2. The normalized Iot trends for the VV, VH(C) 

and VH(D) configurations shown in Figure 3.b are consistent with the L-mode trends, albeit with a moderate Iot underestimation 

for the VV and VH(D) configurations due to incomplete LP coverage at the OSP. The same normalization scaling factor was 

used to compare the three configurations, with the recycling at the outer target increasing monotonically with decreasing Te,ot. 

Data points with Te,ot values below 1.5-2 eV, and hence in the prounced detached regime past the rollover point, could not be 

obtained at the moderate beam heating powers used as a result of operational limits due to beam reionization hot spots on the 

main chamber limiters with ΓD2>1023 e-/s. Given the corespondence in the outer target recygling trends with Te,ot between the 

L-mode and H-mode datasets, we have reasonably assumed that the empirical correction factor for Te,ot estimates in the CC 

configuration obtained from the analysis of L-mode density ramps is equally valid in the H-mode discharges. The Balmer 

photo-recombination-based method for spectroscopically inferring the electron temperature, although limited to the 40 ms 

integration time, is intrinsically ELM-filtered since the emission is proportonal to ne,t
2, with ne,t peaking during the inter-ELM 

phase. This has been confirmed by comparing ELM-averaged measurements with inter-ELM measurements during long (>40 

ms) inter-ELM periods in the same steady-phase discharge.   

4.1 Fueling rate and subdivertor pressure 

The fueling rate as a function of Te,ot is shown in Figure 4.a for the 2 MA dataset, including the VH(C), VH(D), VV and 

CC divertor configurations, and using a fueling scheme with 50-50% split in ΓD2 from toroidally distributed gas injection 

modules located near tile 8 and tile 4 in the poloidal cross-section (see Figure 1). The beam heating power in most of the 2 MA 

discharges was 15-16 MW (filled symbols in Figure 4.a), and in the remaining 2MA discharges at varying power levels in the 

range PNBI=9-22 MW (open symbols in Figure 4.a). Moving the outer strike point towards the corner pump entrance (from 

VH(C) to VH(D) to CC), and hence increasing pumping efficiency, is shown to increase the required ΓD2 for a given value of 

Te,ot. On the other hand, an approximately equivalent Te,ot response to ΓD2 is observed for VH(C) and VV, despite the 

differences in target inclination and relative position of the pump entrance (outer SOL in VH(C) vs. PFR in VV). For fixed ΓD2 

and heating power, Te,ot increases with the outer strike position shifting towards the pump entrance, hence modifying the 

divertor recycling regime towards lower recycling, consistent with the expectation of decreased influence of neutrals on the 

confined plasma. The datapoints corresponding to lower heating power levels (PNBI=9-12 MW) for the VH(C) configuration at 

low Te,ot (open squares below 4 eV) are observed to deviate from the constant heating power trends, requiring somewhat lower 

fueling levels to reach the same value of Te,ot.  The mixed power datapoints for the CC configuration are within the scatter of 

the fixed power cases. Hence, the ±40% change in heating power introduces roughly the same degree of variation in the ΓD2 vs 

Te,ot trends. 

The configuration dependence on the neutral molecular deuterium pressure in the subdivertor, psub_div, shown in Figure 4.b, 

is consistent with the ΓD2 trends, and hence the two are also considered to be well correlated, albeit with somewhat increased 

scatter in the VH(C) and VH(D) configurations due to the slow psub_div response time in combination with a shorter steady phase 

duration in some discharges. psub_div is measured by pressure gauges located about 2.5 m below the divertor pump entrance, and 
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has been shown to be proportional to the neutral pressure at the pump entrance based on neutral gas flow simulations [33]. 

While the increased pumping efficiency in the CC configuration is clear in both the ΓD2 and psub_div trends, the pumping 

efficiency for the VV configuration appears to be somewhat higher than in the VH(C) and even VH(D) configurations as 

indicated by the higher psub_div, especially in the lower Te,ot cases, although the data scatter precludes a more meaningful 

analysis. This could be associated with variation in neutral pathways in the JET-ILW VV and VH configurations as a function 

of the target inclination [34] that lead to the observed differences in the ΓD2 and psub_div trends with respect to Te,ot, as well as 

differences with respect to the region of the plasma in the vicinity of the pump entrance: PFR in the VV configuration, with 

relatively higher neutral pressure compared to the outer SOL in the VH configurations.  

The overall correlation between psub_div and ΓD2 is consistent with SOL parameter dependence studies on  ASDEX-Upgrade 

(AUG) in which the neutral pressure is measured directly in the divertor, p0 [35], but the psub_div slow response time on JET 

limits its usefulness in practice to discharges with long steady phases, relative to divertor physics parameters such as Te,ot, for 

which the response time is of the order of the ion sound speed in the SOL. More direct comparisons to the neutral pressure 

based ne,sep scaling obtained in AUG (see Section 4.3) would be possible with the addition of pressure gauges inside the JET 

vessel in similar locations, for example near the private flux region of the divertor plasma. 

4.2 Plasma performance and collisionality 

A strong correlation between the global confinement and collisionality has previously been observed in JET-ILW based on 

a dimensionless collisionality scan, ν*neZeff/Te
2, in low-δ plasmas achieved by means of changing the gas fueling rate [36]. 

The SOL density was also found to be correlated with the pedestal and volume averaged ν*. The degradation of confinement 

with increasing collisionality was linked to changes in both the core plasma and pedestal. The reduction in the core plasma 

pressure was attributed to a decrease in the core density peaking in combination with a decrease in the core temperature via 

temperature profile stiffness, since even at constant pedestal pressure, the increase in ne,ped leads to a corresponding decrease in 

Te,ped. The dependence of density peaking with collisionality has been observed on many devices [37–39], with recent studies 

on JET-ILW [40] predicting that about half of the density peaking originates due to neutral beam fueling and half due to an 

inward electron particle pinch. In the pedestal, increasing collisionality was found to degrade the pedestal stability, and thus 

the increase in ne,ped was balanced by a more pronounced decrease in Te,ped, resulting in an overall reduction of the pedestal 

pressure, as was previously observed since re-establishing the type I ELM-y H-mode scenario in JET-ILW [14,41]. Figure 6 

illustrates the decrease in core density peaking, temperature and total pressure profiles with decreasing Te,ot (increasing ΓD2) 

based on TRANSP [42,43] interpretive simulations of select 2 MA, 2.3 T discharges in the VH(C) configuration from the 

present dataset, with core Te=Ti confirmed by main-ion charge exchange recombination spectroscopy [44].   

Comparisons of the upstream and global plasma parameter trends with ΓD2 and Te,ot are shown in Figure 5 for the entire 

low-δ data set described in Section 2. While the decrease in H98(y,2), global dimensionless collisionality (ν*) and core density 

peaking (ne,0/ne) are clearly correlated with increasing ΓD2, the scatter in the trends attributed to the variation in the divertor 

configuration, and in particular the clear separation in the CC trends, is unified into a single trend when plotted against Te,ot. 

Thus, recasting the previously reported dimensionless collisionality trends in [36] in terms of Te,ot links changes in the pedestal 

and core plasma directly to the divertor target conditions, intrinsically capturing the effect of varying pumping efficiency. 

Therefore, the strong H98(y,2) correlation with Te,ot can be explained by a similarly strong correlation between Te,ot, ne,0/ne 

and ν*, given the already established correlation between global confinement, ν* and ne,0/ne [36,40]. However, a separation in 

the ν* trends for the 1.5 MA branch which originates mainly from higher pedestal collisionality indicates that Te,ot and ν* are 

not simply interchangeable as independent parameters. 

4.3 Outer mid-plane separatrix density 

Since the core and pedestal collisionality are well correlated, and the SOL density is also correlated with the pedestal 

collisonality [36], the present focus is on elucidating the relationship between Te,ot, recycled neutrals and ne,sep, the midplane 

separatrix density. ne,sep is an important interface parameter linking SOL and divertor physics to the pedestal, as most recently 

highlighted in a comparison of JET-C and JET-ILW gas scans in 2 MA, 2.3 T low-δ plasmas [45] in which a strong correlation 

between the pedestal pressure and the ne,sep/ne,ped ratio was observed independent of the divertor configuration. Two distinct 

mechanisms were identified to explain the correlation depending on the value of ne,sep/ne,ped: i) an initial outward shift of the 

pedestal pressure and consequent reduction in the peeling-ballooning stability and pedestal height for ne,sep/ne,ped < 0.4; and ii) 

increased turbulent transport and possible resistive effects for higher ne,sep/ne,ped > 0.4. Given that pedestal models such as EPED 

[46] rely on values of the edge density as an input, improving our understanding of the dominant processes driving ne,sep and 

ne,sep/ne,ped is critical for integrating the basic SOL and divertor physics with edge and core plasma performance, and in particular 
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in existing machines in which fueling is thought to play an important role in driving the structure of the density pedestal (see 

[1] and references therein).  

In the present H-mode dataset we observe a strong relationship between ne,sep, ne,sep/ne,ped and Te,ot, as shown in Figure 7.c. 

Whereas ne,sep was estimated assuming a constant Te,sep=100 eV in [45], we have found that scatter in the ne,sep and ne,sep/ne,ped 

trends with Te,ot is reduced if the location of the separatrix is estimated by the often used two-point model (2PM) 

approximation for 𝑇e,sep ≈ (7𝑞∥,u𝐿 2𝜅0e⁄ )
2/7

, in which 𝑞∥,u is assumed to be dominated by Spitzer parallel electron heat 

conduction [16], with equal inner to outer divertor power sharing such that the heat flux to the outer divertor is 𝑞∥,u ≈

(0.5𝑃sep 𝐴⁄ ) and  𝐴 ≈ 2𝜋𝑅𝜆q𝐵p |𝐵|⁄  (Psep—power crossing the separatrix, Bp—poloidal magnetic field at the outer midplane 

separatrix, B—total magnetic field, R—major radius, 0e—electron parallel conductivity coefficient, L—connection length). 

The heat flux width, q, was estimated from the ITPA H-mode scaling with q  1/Bp [47]. The more recent AUG scaling [48] 

accommodating turbulence driven q widening at high separatrix densities is not captured here, but due to the weak 𝑞∥,u
2/7 

scaling, this new scaling will introduce at most a 20% reduction in the Te,sep estimates at high densities. The ne,sep/ne,ped trend 

exhibits a steep rise as Te,ot decreases and saturates at Te,ot20 eV with ne,sep/ne,ped 0.6-0.8. Hence the outward pedestal 

pressure shift and accompanying reduction in pe,ped described in [45] with increasing ne,sep/ne,ped corresponds to low recycling 

attached divertor conditions with relatively high Te,ot > 20 eV, whereas at lower Te,ot < 10 eV in the high recycling regime, 

the pedestal position is already saturated. Similar behavior is observed for the H98(y,2) trend with Te,ot, with a rapid H98(y,2) 

decrease as Te,ot is reduced from 30 to 10 eV, and more gradual decrease at lower Te,ot with H98(y,2) < 0.8. Since the upper 

range of the spectroscopic Te,ot measurement is limited to 30 eV, the cluster of points around Te,ot=30 eV in Figure 5 and 

Figure 7 likely includes cases at higher electron temperature which cannot be resolved. The steep trend at high Te,ot probably 

extends to even higher values as the divertor regime nears sheath-limited conditions. In the companion SOL modelling paper 

[17], we attribute the rise in ne,sep during the steep H98(y,2) decrease at high Te,ot – and consequently an increase in ne,sep/ne,ped 

and ν*, decrease in ne,0/ne and core pressure – to be driven mainly by the parallel pressure balance in the SOL due to increasing 

recycling and target pressure such that ne,sepTe,ot-1/2, whereas volumetric cooling and momentum losses become the dominant 

ne,sep driving terms at Te,ot < 10 eV in the ne,sep/ne,ped saturation regime, with H98(y,2) already significantly degraded by that point.  

Hence, as is generally expected, but not hitherto quantified in these terms, in unseeded ELMy H-mode high-recycling JET-

ILW scenarios in which target heat flux dissipation is achieved entirely by means of increasing the edge density via deuterium 

gas fueling (i.e., without extrinsic impurity seeding), divertor high recycling operation with Te,ot < 10 eV is not compatible 

with high performance, low * pedestal and core plasma conditions.  

In Figure 7.a, the dependence of the separatrix density on changes in divertor configuration, Ip and Bt, combined with the 

overall increase according to ne,sepTe,ot-1/2 via additional gas fueling, is also unified to a single trend by using the normalization 

𝑛e,sep𝐼p
−2/7

𝐵t
−3/7

, the origin of which is the basic 2PM scaling which yields 𝑛e,sep ∝ 𝑞∥u
5 7⁄

𝑇e,t
−1 2⁄

𝑅𝑞95
−2 7⁄

 (neglecting the 

volumetric loss terms) [2,16,49]. The robustness of this trend compared to the large scatter when plotted against D2 in Figure 

7.b demonstrates once again that Te,ot is a more suitable ordering parameter for condensing the disparate ne,sep configuration 

dependent trends with ΓD2, in particular for the CC configuration.  

We have ignored the 𝑃SOL
5 7⁄

 dependence in the ne,sep normalization as this results in a moderate separation of the 1.5 MA lower 

power points from the 2 MA and 3.4 MA branches. In fact, this almost linear power dependence, which originates from the 

assumption of dominant Spitzer parallel electron heat conduction relative to the convective contribution, (such that  𝑇e,sep ∝

𝑞∥u
2/7

𝑅𝑞95
2 7⁄

 is a weak function of input power), is at odds with the EUROfusion JET-ILW pedestal database scaling from [50], 

which yields 𝑛e,sep ∝ 𝐼p
1.1𝑃in

−0.4𝛤𝐷2
0.23 for constant values of triangularity. Although this scaling is based on a regression analysis 

with a relatively lower value of R2=0.64 compared to the pedestal parameters, the negative power exponent clearly conflicts 

with the positive power scaling in the 2PM and demonstrates that further work is needed to understand, for instance, the 

importance of the convective vs conductive heat flux contributions and impact on the 2PM (e.g., [17,51,52]), in order to 

reconcile the two diverging power scalings. There is limited scope for elucidating the power dependence in the present study 

due to the relatively smaller dataset. Hence, replacing ΓD2 with Te,ot in the regression of the EUROfusion JET-ILW pedestal 

database seems like a natural next step in order to incorporate the strong link between Te,ot and ne,sep.  

A strong physics coupling between the separatrix density and the divertor neutral pressure, p0, has been demonstrated on 

AUG such that 𝑛e,sep = 2.65 𝑝0
0.31 (1019 m-3, Pa), where p0, which can be considered an engineering parameter, is largely 

proportional to ΓD2 [35]. Direct comparison with the AUG scaling is not possible on JET due to a lack of in-vessel pressure 

gauges in the divertor, but it is reasonable to assume that, given the strong correlation between psub_div and ΓD2, and p0 and ΓD2 

on AUG, a single point divertor pressure measurement correlated with ne,sep would not reconcile the configuration dependence 
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in the ΓD2 vs Te,ot trends shown in Figure 4. Ionization patterns, neutral pressure distributions and proximity to the pump 

entrance depend on the divertor configuration, as already noted in Section 4.1. Hence, as useful a scaling parameter as p0 is in 

AUG and ITER studies with fixed vertical target divertor geometry [5,53,54], the more direct physics coupling between Te,ot 

and upstream parameters should prove insightful when folded into a large dataset such as the EUROfusion pedestal database, 

which also spans the range of divertor configurations examined in the present work. In elucidating the recycling neutrals 

influence on the edge pedestal and ne,sep , development of a Te,ot based scaling of edge plasma parameters is further motivated 

by the following observed target electron temperature dependencies: i) strong experimentally observed Lyman photon opacity 

correlation with Te,ot independent of confinement regime and heating power in JET-ILW [21]; ii) strong correlation between 

Te,t and the molecular deuterium density in the divertor observed in edge plasma simulation datasets [55,56]; as well as iii) the 

primary dependence of volumetric momentum and cooling losses on Te,t observed in experiments and code datasets 

[16,17,30,31]. 

 Estimates of the average atomic neutral density at the outer target, nD,otL, inferred from absolutely calibrated 

spectroscopic measurements of D following the interpretation method in [21], also give a strong correlation with Te,ot, as 

shown in Figure 7.g and Figure 7.h.  L is the effective path length of D emission along the spectroscopic chord, which is 

generally difficult to estimate given that the emission distribution also changes with density and temperature, as demonstrated 

in [21]. While nD,otL estimates are considered reliable for the VH(C) and VH(D) configurations, a systematic underestimate 

is expected in the VV configuration since the outer-most chord does not directly intersect the OSP on tile 7. There is not enough 

information to yield reliable nD,otL estimates for the CC configuration given the obstructed spectroscopic view. Nevertheless, 

the obtained trends for the other configurations are consistent with the strong correlation between nD2 and Te,t observed from 

code datasets [16,55,56].  

The link between the recycled neutral source, target electron temperature and separatrix density is assessed in more detail in 

the companion paper [17], in which 2D edge plasma modelling results indicate that while the divertor geometry has a significant 

impact on the neutral leakage from recycled neutrals in the divertor into the main chamber, the main chamber wall recycling 

also plays a strong role in driving ne,sep, and is found to moderate the divertor geometry influence to the extent that only a large 

change in divertor geometry (e.g., removing the entire outer divertor baffle structure) can break the observed unification in ne,sep 

vs Te,ot trends. In other words, the apparent lack of divertor geometry dependence in the Te,ot trends with upstream parameters 

presented in this work can be explained rather simply by the relatively limited range of available divertor configurations in 

JET-ILW, coupled with the likely strong influence of main-chamber recycling. The caveat with this interpretation is that the 

assessment of the CC configuration with enhanced closure and high pumping efficiency is approximate, and can benefit greatly 

from direct spectroscopic access to the tile 6 divertor plasma from the measurement perspective, and  from the modelling 

perspective by leveraging recent advances in SOLPS-ITER grid extension capabilities [57] for refining the fidelity of edge 

plasma simulations in the CC configuration.  

4.4 Pedestal pressure 

Figure 7.e,f shows pe,ped normalized by pe,ped at Te,ot25 eV as a function of Te,ot and D2 for the entire H-mode dataset. 

Whereas a reduction in pe,ped with increasing ne,sep/ne,ped is shown in [45] for the 2 MA, 2.3 T discharges, the 2 MA, 2.3 T results 

mapped to Te,ot in Figure 7.d reveal a non-monotonic trend with a steep pe,ped decrease at high Te,ot consistent with the rise in 

ne,sep/ne,ped, followed by an inflection point at Te,ot10 eV in the saturated ne,sep/ne,ped regime, although the scatter in the data 

increases considerably at lower Te,ot. Considering now the entire H-mode dataset, a favorable Ip dependence emerges, leading 

to an overall increase in pe,ped at 3.4 MA with decreasing Te,ot, in contrast to the lower Ip branches. This trend is more clearly 

illustrated in Figure 8, where Te,ot is indicated by the color scale. For the same change in Te,ot from 25 eV to ~few eV, pe,ped 

in the 3.4 MA branch is observed to increase by up to 50%, whereas a modest decrease in pe,ped is seen in the 2MA branch, and 

a more pronounced pe,ped decrease for the 1.5 MA branch. The pe,ped increase at 3.4 MA does not, however, lead to an increase 

in H98(y,2), implying that the collisionality and core density peaking scaling and the corresponding reduction of the core pressure 

with decreasing Te,ot outweighs the relative changes in pedestal performance for the three Ip branches. It is not clear whether 

the favorable Ip scaling on pe,ped at low Te,ot is linked to an increase in edge neutral opacity, since an increase in Ip increases 

the natural pedestal density, and hence reduces the ability of recycled neutrals to penetrate into the confined plasma with the 

penetration depth roughly  1/ne. On existing machines with relatively low edge opacity, neutral fueling of the confined plasma 

has been found to clearly influence the pedestal structure, but neutral fueling alone cannot fully explain changes in the pedestal 

structure, with transport predicted to play an increasingly dominant role in reactor-scale devices with opaque edge plasmas 

(e.g., [1] and references therein). Although the relative influence of neutral fueling vs transport on the density pedestal formation 

is outside the scope of this work, further studies focusing on an opacity scan on JET-ILW would be invaluable given that JET 
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offers unique access to edge opacity regimes approaching ITER to within a factor of 2-3 at high Ip (3.5-4 MA) scenarios. 

Incorporating a wider Ip and D2 range into previously attempted gas scan modulation experiments [58] for probing the electron 

density profile response is a promising route for clarifying the opacity effect, if a greater dynamic range can be obtained in the 

density profile response. 

 

5. Summary 

Replacing the gas fueling rate with the outer target electron temperature − the main physics parameter controlling divertor 

recycling and detachment − leads to a unification of several upstream parameter trends that otherwise depend on the divertor 

configuration. The previously reported [10,11] confined plasma performance increase attributed to improved pumping 

efficiency as a result of placing the strike point in closer proximity to the pump entrance has therefore been recast in terms of 

Te,ot, the spatially averaged outer target electron temperature, leading to a remarkably robust H98(y,2) trend in gas fueled, 

unseeded low-δ H-mode discharges spanning a large range in plasma current, neutral beam heating power, fueling rate, and 

four divertor configurations. The relationship between the target electron temperature and H98(y,2) is connected to a strong 

inverse correlation between Te,ot, ne,sep and ν*, where (i) increasing ν* is already known to be strongly correlated with a 

decrease in core pressure and confinement due to a decrease in core density peaking and pedestal and core temperature via stiff 

temperature profiles; and (ii) increasing ne,sep/ne,ped is strongly linked with a decrease in pedestal pressure. As a result, the global 

and pedestal performance correlations with ν* and ne,sep/ne,ped, can now be linked directly with changes in the divertor recycling 

moderated by Te,ot. In unseeded scenarios, a steep H98 reduction and ne,sep/ne,ped rise occur with Te,ot decreasing from 30 to 10 

eV, whereas, when the divertor reaches high recycling conditions with Te,ot<10 eV, the decay in H98(y,2) is more gradual and 

ne,sep/ne,ped saturates. Hence, the bulk of the performance loss occurs before high recycling conditions are established in the 

divertor.  

The observed correlation between ΓD2 and psub_div is consistent with a similar correlation on AUG between ΓD2 and p0, the 

neutral pressure measured directly in the divertor. In the context of resolving the divertor configuration dependence in upstream 

parameter correlations, a single-point divertor neutral pressure measurement in JET-ILW will likely lead to a similar separation 

of the trends as with ΓD2, in particular for the CC configuration, due to the divertor geometry influence on the neutral pressure 

distribution, ionization patterns and pumping efficiency. Hence, Te,ot is not only a more suitable ordering parameter for 

reconciling the divertor configuration dependence in JET-ILW, but is also the main physics parameter amenable to validation 

of reduced SOL models like the extended 2PM. In normalizing ne,sep by plasma current and total magnetic field using the 2PM-

based scaling 𝑛e,sep ∝ 𝐼p
2/7

𝐵t
3/7

 to demonstrate the unification of the ne,sep trends with Te,ot, it also became apparent that the 

2PM 𝑃SOL
5 7⁄

  scaling  conflicts with the 𝑃loss
−0.4 scaling obtained from a regression on experimentally measured ne,sep from the 

EUROfusion pedestal database [50]. Further work is needed to extend the methodology presented in this work to the more 

comprehensive and wide-ranging EUROfusion pedestal database to resolve this discrepancy and improve understanding of the 

ne,sep dependence on global, edge and boundary physics parameters and dominant physics mechanisms. 

While we have identified Te,ot as an important ordering parameter linking edge plasma recycling with changes in the 

separatrix density and plasma collisionality, the detailed mechanisms concerning neutral leakage from divertor recycling, 

contributions to ne,sep from main chamber recycling, as well as the primary dependence of volumetric momentum and cooling 

losses on the target electron temperature, and the impact of these loss terms in moderating ne,sep are addressed in a companion 

paper [17] focusing on 2D edge plasma simulations and reduced 2PM interpretation.  

The potential role of edge opacity on the observed favorable Ip scaling of the pedestal pressure as the divertor is driven to 

high-recycling and partially detached conditions needs to be clarified to improve understanding of the coupling between 

recycling and confined plasma fueling. While ITER edge plasma simulations suggest that a high divertor neutral compression 

can be decoupled from ne,sep and confined plasma fueling [5], it is not clear to what extent the observed strong correlation 

between Te,ot, ne,sep, and H98(y,2) can be broken on existing devices, and to what extent the relationship between Te,ot and ne,sep 

will hold in advanced divertors, and whether the predicted decoupling of the edge particle source from the core plasma will 

also extrapolate to compact, high field devices. The pronounced performance degradation in gas fueled plasmas in attached 

divertor conditions also has implications for impurity seeding radiative divertor scenarios with moderate levels of D2 fueling, 

in which the reference unseeded plasmas are already characterized by low H98(y,2) ~0.7 before impurities are injected into the 

plasma, as, for example, in the vertical target Ne radiative fraction scan in JET-ILW [12]. Extending the JET unseeded H-mode 

dataset with impurity seeded scenarios will provide further insight into the relative role of gas fueled plasma performance 
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degradation with decreasing Te,ot  (increasing ΓD2) on the one hand, and on the other the influence of pedestal and core transport 

and stability changes on plasma performance recovery observed in high-power radiative scenarios with Ne seeding [12,13].   

The approximate treatment of the corner configuration target temperature measurements in the present work warrants further 

studies of unseeded and impurity seeded scenarios in the corner configuration on JET-ILW, contingent on improved plasma 

temperature and density measurements with direct spectroscopic views of the outer corner divertor. This will facilitate the 

evaluation of integrated scenarios in the configuration with maximum closure and pumping efficiency, thus possibly offering 

core plasma performance improvements in detached divertor conditions. 
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Figure 1: (left) JET-ILW diagnostic lines of sight including the visible divertor spectroscopy system and the high resolution 

Thomson scattering (HRTS) system. (right) Divertor configurations, including; i) inner vertical, outer horizontal with outer 

strike point on tile 5 stack C and D, VH(C) and VH(D), respectively; ii) vertical-vertical, VV, configuration; and iii) corner-

corner, CC, configuration. The spectroscopy chords used to evaluate Te,ot are shaded in, with the outer-most shaded chord 

used for both the VV and the CC configurations, in combination with the empirical correction factor (CC only). Also shown 

are the extent of the outer strike point sweep in the CC configurations, as well as the poloidal locations of the toroidally 

distributed gas introduction modules typically used to fuel the unseeded H-mode scenarios.   
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Figure 2: Comparison of outer target radial Te profile measurements obtained from spectroscopy and LPs during an L-mode 

density ramp discharge in the VH(C) divertor configuration. 
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Figure 3: Normalized outer target ion current, Iot, from L-mode density ramps (a) and H-mode 2MA, 2.3T gas scan dataset with 

16 MW of beam heating, based on inter-ELM LP jsat measurements (b). Open symbols in (a) refer to the CC configuration with 

the OSP located in the corner of tile 6 with the spectroscopy view obstructed by the outer divertor tiles 7 and 8, whereas filled 

symbols denote spectroscopically derived Iot with the OSP located on top of tile 6 within the view of spectrometer chords.  
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Figure 4: Correlations between Te,ot  and D2 gas fueling rate (a) and sub-divertor neutral pressure (b) for the 2MA, 2.3T H-

mode dataset. Filled symbols denote discharges with similar beam heating power (16 MW), whereas open symbols denote 

discharges with varying beam heating power in the range 9-22 MW.  
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Figure 5: Correlations between Te,ot (a,c,e) and D2 gas fueling rate (b,d,f) and H98(y,2), core density peaking, ne,0/ ne, and 

global collisionality, *, spanning the entire H-mode unseeded dataset. The colors highlight the three different plasma current 

branches of the dataset.     



B Lomanowski et al 

19 
 

 

Figure 6: Electron density and temperature radial profiles and total pressure obtained from TRANSP interpretive simulations 

of select 2MA, 2.3T unseeded H-mode discharges with 16 MW of beam heating, mapped to ρ=ψtor1/2.   
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Figure 7: Correlations between Te,ot (a,c,e,g) and D2 gas fueling rate (b,d,f,h) and normalized separatrix density 

𝑛e,sep𝐼p
−2/7

𝐵t
−3/7

, ratio of the separatrix to pedestal densities, , pedestal pressure normalized by the pedestal pressure at Te,ot 

=25 eV, and the product of atomic neutral density and effective Dα emission path length. 
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Figure 8: Te

ped vs. ne
ped  for the three plasma current branches of the H-mode unseeded dataset. Data is plotted over constant 

pe
ped isobar lines. Marker fill colors indicate the corresponding value of  Te,ot shown in the color bar.  


