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ABSTRACT

To improve the quality of radiation measurements, two new bolometric cameras with horizontal

and vertical views of the plasma cross-section have been installed on JET. These cameras provide

measurements with significantly improved spatial resolution, allowing the divertor and main chamber

radiation fractions to be clearly resolved. Analysis of radiation profiles under attached and detached

divertor conditions as well during the formation of an X-point MARFE (XPM) during an ohmic

density limit are presented. The radiation power fraction γ = Prad/Pheat increases from 0.5 to 0.8 just

before XPM onset. A large fraction of this radiation is located in the divertor (Pdiv
rad/P

tot
rad = 0.56 at

low density and about 0.67 at XPM onset).

In addition, spatial distributions of radiation in recent ITER-like configuration discharges are

presented.

1. INTRODUCTION

Partially detached divertor operation is mandatory to reduce strike point power fluxes in long pulse,

high power fusion devices. Our understanding of this complex detached state is still incomplete

and requires 2D simulations which themselves rely on high quality experimental data to be properly

constrained. The radiation distribution is particularly important, but is often poorly resolved in

space and magnitude in the divertor region where it is most required.

In this paper, we describe ohmic and L-mode density limit discharges using JET’s new improved

diagnostics. In addition, the first measurements of radiation in an ITER-like configuration are

presented.

2. EXPERIMENTAL SET-UP

To improve the quality of radiation measurements on JET, two new bolometric cameras with

horizontal (KB5H) and vertical (KB5V) views of the plasma cross-section have been installed [1],

providing a substantial upgrade in capabilities: more viewing chords, higher energy range, higher

sensitivity, lower noise and therefore lower detectable signals. Both cameras collect the radiation

along 24 chords, 8 of which in each case cross the divertor region with 8cm separation between the

chord axes (see Fig.1). The detectors are miniaturised metal foil detectors: an 8mm-thick gold-

absorbing layer on a 20mm-thick mica substrate and a gold meander on the rear side with a typical

resistance of 1.2kW. The measured sensitivity of the bolometers varies between 3 and 5V/W in the

absorption range 2.5eV-8keV with a cooling time constant of about 0.2s. A 40Vpp sinusoidal voltage

at 50kHz is applied to each bridge of the bolometer separately and the electronics amplifies the

output (up to a factor of 5000) with a maximum bandwidth of 2kHz. The bolometer system is

characterised by a low detection limit (≤2µW/cm2) at a bandwidth of 200Hz.

In addition, three new dedicated divertor bolometers (KB3) with twelve lines-of-sight in total,

optimised views and technical improvements have replaced the old ones. The combination of the
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divertor bolometers with the KB5 overview cameras leads to a substantial improvement in radiation

pattern reconstructions, in particular in the divertor region.

Two survey spectrometers (KS3) in the visible provide integrated Dα (656.27nm), Dβ (486.13nm)

and Dγ (434.05nm) intensities as well as impurity signals (CII (515nm) and CIII (465nm)) over

both divertor legs. Another spectrometer [2] has 13 spatial tracks across the outer target, each

13mm wide. It covers the visible spectrum range 415 to 535nm, and can monitor the CD-band (A
2∆→ X 2P transition), CII (426.7nm) and Dγ simultaneously. In addition to the spectroscopic

diagnostics, there is a poloidal array of fixed Langmuir Probes (LP) in the inner and outer divertor

targets that are used to measure Local Saturation current (Is), electron density and temperature. The

power flux and absorbed energy to plasma-facing surfaces is measured with an infrared camera and

ThermoCouples (TC).

3. RESULTS AND DISCUSSION

L-mode density limit experiments have been performed with BT = 2.4T, Ip = 1.7MA in ohmic

discharges and in discharges with additional NBI-power of 1.0-1.8MW. Figure 2 shows the time

evolution of the parameters of an ohmic discharge in JET with the JET MkII-HD divertor in which

the Inner Strike Point (ISP) was located on the horizontal plate and the outer one (OSP) on the

vertical target (see Fig.4). The plasma density was raised steadily to the density limit by gas fuelling

into the inner divertor. With continuous deuterium puffing, a high density, low temperature plasma

forms inside the separatrix near the X-point. This is the so-called X-point MARFE (XPM). The

XPM, which is the precursor to the ultimate density limit, appears at about n 
XPM

e = 3.0×1019 m-3 at

a radiative power fraction (γ = Prad/Pheat) of ≈80%. The n 

XPM
e increases with Pheat: and n 

XPM
e =

3.0×1019 m-3 and n 
XPM

e = 3.0×1019 m-3 for auxilary heating powers of 1.0MW and 1.8MW respectively.

The ion saturation current in the inner scrape-off layer (Is
SOL) remains initially at a constant

level, but falls strongly as the density ramp progresses, indicating that the inner divertor is detached

almost immediately. Further evidence for detachment is seen from the inner divertor Da-emission

and the Dγ/Dα-ratio (characteristic of the onset of recombination [3]), both of which continually

increase throughout the density ramp (see Fig.3).

An abrupt reduction in ion current at the outer strike point (Is
OSP) is observed at 15.85s. Nonetheless,

the outer SOL currents continue to increase until 16.1s and 16.4s for LPs located on flux surfaces,

which map to 1.1 and 4.1cm from the separatrix at the outer midplane. Detachment thus occurs first

at the separatrix and then propagates deeper into the SOL with time. At 16.5s, the outer divertor

completely detaches, thereby triggering the X-Point MARFE formation. This is in good agreement

with previous results [4], confirming the general observation that the plasma is stable if at least one

of the divertor legs remains attached. Because the inner leg detaches much earlier than the outer, it

is the outer divertor which finally determines the density limit.

The line-integrated intensities measured by the bolometer systems are tomographically inverted

by an ‘anisotropic diffusion model tomography’ [5,6]. The tomographically derived Prad increases
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with density from 50% to 80% of total input power just before the XPM formation. The new

bolometers now permit the divertor radiation distribution to be measured with significantly improved

spatial resolution, allowing the divertor and main chamber radiation fractions to be clearly resolved.

Prad
div, shown in Fig.2., increases with density, reaching a maximum value of ~0.6Pheat just before

XPM formation. It drops during the formation of the wall MARFE (WM). The absorbed energy in

the divertor derived from thermocouples (ETC = 7.6MJ) is in good agreement with the total radiated

power taking into account the wall load in the divertor due to radiation Erad
wall, which is approximately

37% of Prad (ETC ≈ Ein - Erad + Erad
wall).

Figure 3 depicts the time evolution of Fig. 2 as a function of plasma density. The figure is

subdivided into four different phases: the attached (1) and detached (2) outer divertor; X-point

(3) and wall (4) MARFE phases. The inner divertor is detached during all phases. Dα-emission

in the inner leg increases until the XPM forms, then stabilises at a constant level during the XPM

phase and finally drastically increases during the wall MARFE formation. In the outer divertor,

the Dα-emission continuously increases until the WM formation: in the first phase this occurs

because of the rise of ion fluxes into the outer divertor, and during the detached phase as a

consequence of the drop in the electron temperature. The ratio of ionisation per photon for Dα,

the so-called S/XB-value, decreases by a factor of 2.5 (from 18 (Te = 10eV, ne
 = 2×1019 m-3) to 7

(Te
 = 5eV, ne

 = 1×1019 m-3) [7]) during the detached phases, indicating an increase by a factor of

2.5 in the Dα-emission, due to excitation only. A significant reduction of the CIII/Da-ratio is observed

up to the formation of the wall MARFE, corresponding to a decrease of both electron temperature

and physical sputtering. The total CD-band emission (integrated over 13 tracks of the KT3B

spectrometer) increases up to the formation of the WM. The CD-band emission from the third track

(about d=13mm distance between the line-of-sight and vertical divertor), increases during the attached

phase, and also continues to increase during the detached phase. During detachment in outer divertor

an increase of neutral pressure in the divertor chamber has been observed. Thermal neutral and also

energetic neutrals (generated by charge-exchange) bombard the divertor wall and could provide

significant chemical erosion. In this case, the production of the hydrocarbons is not localised at the

strike point and could take place across the entire divertor wall surface. This is one of the possible

explanations for the increase of the line-integrated CD-signal.

γ = Prad/Pheat increases from 0.5 to 0.8 just before the XPM-onset. The fraction of power radiated

in the divertor (Pdiv
rad/P

tot
rad) increases from the 0.56 to 0.67 at XPM onset and decreases abruptly

during the transition to the WM phase.

Figure 4 shows the tomographic reconstruction of radiation in the divertor region at 9 different

en : 2.2× 1019 m-3 and 2.4× 1019 m-3: In this early phase , the radiation distribution is essentially

symmetric. The plasma radiates mostly from the inner and outer divertor SOL regions. Moderate

radiation is observed directly from the X-point region. The outer divertor is attached and the electron

temperature at the OSP is about 11eV.

2.56× 1019 m-3: The total radiation continues to increases in the SOL and begins to decrease in
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the inner SOL. This is the moment at which the OSP starts to detach.

2.8 × 1019 m-3: and 2.88 × 1019 m-3: There is a strong in-out asymmetry, with significantly more

radiation from the outer divertor leg. An increase of radiation at the X-point and inside the separatrix

above the X-point is observed. The saturation current decreases markedly at the OSP and the electron

temperature is about 5eV.

3.0 × 1019 m-3: The radiation moves entirely to the X-point, forming an XPM at 80% radiative

power fraction. The outer divertor at this time is fully detached. Dα-emission in the outer divertor

(see Fig.3) and the neutral pressure in the divertor chamber (not shown) continue to increase.

3.18 × 1019 m-3, 3.37 × 1019 m-3 and 3.47 × 1019 m-3: the radiation above the X-point increases

and finally moves away towards the inner wall. Following the formation of the inner wall MARFE

just below the level of the magnetic axis, the density limit disruption ensues.

A new operational campaign at JET has recently begun, with first attempts at producing high

triangularity δ = 0.53, ITER-like plasma configurations. These discharges are ultimately intended

to investigate Type I ELMing H-modes at high input power and plasma current. They are particularly

interesting from the divertor physics point of view with regard to the rather short inner divertor leg

and the consequent proximity of the X-point to the inner divertor target.

Figure 5 shows the reconstructed radiation in an inter-ELM period (averaged over 10ms) and

during an ELM (averaged over ELMs) in a discharge with BT = 2.7T, Ip = 2.5MA, 14.5MW NBI

and 2.5MW ICRH power, q95 = 3.6, 87.0/ =GWe nn . The ELM frequency was 30-35Hz. Between

ELMs the majority of the radiation is located at the X-point and at the ISP, as well in the outer SOL.

Despite the high input power, the inner divertor is detached. Prad (averaged over 10ms in the inter-

ELM period) is 7.75MW (46% of Pheat) and the wall load in the divertor due to this radiation is

ª30% of Prad. We find that the radiation during an ELM is mainly located in the inner divertor. The

total radiated energy during the ELM, evaluated by an algorithm similar to [8], is 40-50kJ, which

corresponds to 20% of ELM-energy losses (∆Wdia
ELM ≈ 240kJ.)

The EDGE2D-simulation of discharges high Pheat and density [9] clearly demonstrate inner

divertor detachment. The code predicts a strong contribution of atomic processes (line emissions,

charge-exchange) to volumetric power losses. The simulated out-in target power asymmetry is

PT
outer/PT

innerª2.5, agrees well with the result from TC (PT
outer/PT

inner ≈ 2.2).

SUMMARY AND CONCLUSION

The new bolometer system provides measurements with significantly improved spatial resolution,

allowing the divertor and main chamber radiation fractions to be clearly resolved.

Significant differences in the radiation distribution have been observed during density ramp-up

experiments. In the early phase (outer divertor still attached) the distribution is nearly symmetric

with respect to the inner and outer divertors. It becomes strongly asymmetric in the phase with a

detached outer divertor: considerably more radiation in the outer leg and noticeable radiation at the

X-point. It is this outer divertor detachment which triggers the X-Point MARFE formation.
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The radiation power fraction γ = Prad/Pheat increases from 0.5 to 0.8 just before the XPM onset. The

Pdiv
rad/P

tot
rad fraction varies between 0.56 and 0.67. The absorbed energy in the divertor derived

from thermocouples is in good agreement with the total radiated power taking into account the wall

load in the divertor due to radiation Erad
wall. The latter was derived from tomographical reconstructions

and is approximately 37% of Prad. The Dα-emission shows a strong in-out asymmetry at low density,

withmore radiation from the inner leg than from the outer. When both legs are detached, the Dα-

emission is nearly symmetrical.

The first tomographical reconstructions of total radiation in discharges with an ITER-like magnetic

field configuration have been started. Between ELMs a significant part of the radiation is located at

the XP and at the ISP as well as in the outer SOL. During ELMs the radiation is located mainly in

the inner divertor. About 20% of the ELM energy losses are radiative .
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Figure 3: Characteristics of the MkII-HD divertor plasma as function of ne.
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Figure 2: Time evolution of the parameters of an ohmic
discharge in JET with the JET MkII-HD divertor: (a)ne,
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Figure 5: Total radiation distribution in between ELMS (top) and during an ELM in a discharge with
an ITER-like configuration.

Figure 4: Tomographic reconstruction of the total radiation in the divertor region at different ne during the density ramp.
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