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A B S T R A C T

Measurements of Balmer-alpha (B-α) and Balmer-gamma (B-γ), where B = H, D, or T isotopes of hydrogen, 
emission across the low-field side (LFS) divertor in JET ITER-like Wall (ILW), low-confinement mode (L-mode) 
plasma indicate that the divertor plasma was more strongly detached in deuterium, tritium and deuterium–
tritium than in hydrogen plasmas. These measurements are consistent with the lower degree of detachment in 
hydrogen versus tritium plasmas inferred from Langmuir probes (Groth et al., 2023) [1]. The ratio of B-γ to B-α is 
a suitable indicator of high density/low temperature conditions because B-α emission is dominated by electron 
impact excitation with a small electron–ion recombination component regardless of electron temperature and 
density (for conditions in tokamak plasmas) whilst for B-γ the recombination component increases and the 
excitation component decreases as the electron temperature decreases and the electron density increases. Within 
the uncertainty of the measurements, the electron density at the low-field side separatrix and the power crossing 
the separatrix are similar to permit these comparisons. The B-©/B-α ratio is well correlated with the onset of 
detachment as measured by Langmuir probes (McCracken et al., 1998; Groth et al., 2023). The ratios of B-γ and 
B-α varied between 0.005 and 0.035 for low-recycling, high-recycling and partially detached conditions, and 
were 60–70 % higher in partially detached hydrogen than in tritium plasmas. In contrast, the difference between 
deuterium, tritium and 40–60 % deuterium–tritium is within 10 % and thus within the uncertainties of the 
measurements. Profiles of the B-α and B-γ emission was measured with two filtered CCDs connected to the visible 
lost light leg of JET’s mirror link spectroscopy system (Meigs et al., 2010; Lomanowski et al., 2014)[4,5]. 
Spatially (radial) narrower B-α profiles were measured with increasing isotope mass, while similarly broadened 
B-γ profiles were measured.
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Introduction

Detached divertor operations are necessary to reduce heat flux to the 
divertor target plates [6]. This regime is obtained by two primary 
methods: impurity gas injection into the divertor or operations near the 
so-called density limit using hydrogenic gas puffing. This paper is con
cerned with the second method. Over the last 12 years, during ITER-like 
Wall (ILW) program of JET, a study of L-mode operation with density 
limit ramps and stepped discharges was performed in all the isotopes of 
hydrogen (protium: H, deuterium: D, tritium: T) with varying divertor 
pump conditions (supercritical helium pumped divertor, sc-He, and 
liquid nitrogen cooled nearly unpumped, LN2) and a variety of gas in
jection systems (faster rate, el/s, of injection in sc-He due to the 
increased pumping efficiency, versus slower LN2 where the pumping 
efficiency is much lower). This paper investigates the behaviour of 
detachment in density ramp discharges from primarily the point of view 
of hydrogenic Balmer spectroscopy (intensity and Stark broadening for 
line-of-sight averaged divertor, LOS-avg, electron density) and the 
bremsstrahlung continuum above and below the Balmer decrement 
(LOS-avg electron temperature). The discharges were nominally oper
ated at a toroidal field of 2.5 T and a plasma current of 2.5 MA with 
neutral beam heating of 1.0 MW with a density ramp over 10–16 s 

(varying ramp rate) and a significant variation in fuelling rates due to 
the difference in pumping of sc-He versus LN2 cooled divertor. The sc- 
He pumped divertor necessitated total electron fuelling rates of 1–2 ×
1023 electrons/s, whereas the LN2 rates were 1–2 orders of magnitude 
lower. The divertor configuration was vertical inner and horizontal 
outer to optimize diagnostics (spectroscopy, Langmuir probes, Bolom
etry, thermal imaging). The pulses used here are: ramps (H sc- 
He), (D sc-He), (D LN2), (T LN2) and 

(DT 40 %/60 % LN2) with three more steady state “stepped” 
discharges: (H sc-He), (D sc-He) and 100170 (T LN2). 
Unfortunately, no DT sc-He or T sc-He were possible due to fact that one 
density limit pulse with sc-He pumped divertor would use up a whole 
day’s inventory of tritium. Furthermore, the H LN2 was not performed 
due to time and programmatic constraints.

The aim of this paper is to investigate apparent dependencies on 
detachment on the isotope used in these density limit ramped pulsesa 
and to expand upon the earlier but less complete (H-D) comparision of 
Groth [1] Firstly, through the investigation of the B-α (electronic level n- 
n′ = 3–2) and B-γ (5–2) emission and their ratio which, in the past [2], 
has been a reasonable marker of detachment in L-mode during JET’s 
carbon and beryllium phases (pre-2011) and, secondarily, in the 
behaviour of the LOS-avg electron density from the 8–2 transition (<ne, 

Fig. 1. Schematic of the mirror-link optical path with plasma cross-section showing the viewing geometry.
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Stark8-2>) and temperature profiles measured across the outer divertor 
target (<Te,cont>).

Diagnostics

This paper used three of JET’s many diagnostics for this investiga
tion: the interferometer system described here [7], Langmuir probes [8] 
and the near-UV to near-IR mirror-link spectroscopy system described in 
[4,5] which consists of two medium resolution spectrometers, two lower 
resolution systems and two “fast” (0.5–1 msec frame-rate) filter cameras 
with Balmer-α and Balmer-© filters. The <ne,Stark8-2> and <Te,cont>

were taken from the near-UV medium resolution system to simplify the 
analysis by measuring both on the same spectrometer albeit with slightly 
less accuracy in <ne,Stark> than the visible spectrometer (higher reso
lution grating and 6–2 transition). Fig. 1 is a schematic of the 37 m 
optical path with example of the viewing area in the JET cross-section. 
The spectrometers and filter cameras are absolute intensity calibrated 
using an in-vessel integrating sphere. Fig. 2 shows the spectrometers 
approximate lines of sight and Fig. 3 compares the view of the horizontal 
target plate of the filter cameras against the spectrometers: this com
parison is performed via plasma measurements for the filter cameras 
(top/A) and for one of the spectrometers set to zero wavelength and 
wide-open slits using the in vessel inspection lights to illuminate the 
divertor tiles. These spectrometers view the outer target region (tile-5) 
well past (inboard and outboard) of the actual target plate; however, the 
filter cameras exhibit vignetting on the inboard and can only see 1/3 of 
the inner most stack (A in the figure) of the horizontal.

Method

The edge line-average electron density, <ne,edge>, inferred from 
interferometry, was used as a proxy for the electron density at the last 
closed flux surface at the outer midplane to provide a normalisation of 
the ramp rate. This signal is the outermost vertical channel of JET’s 
interferometer, KG1. To plot all signals against <ne,edge>, the signals 
were linearly interpolated onto the slowest time vector (for B-α/γ ratio 
this is B-γ, later for the <ne,Stark8-2>/<Te,cont>, the spectroscopically 
obtained values are slowest).

Additionally, to localise the investigation to the strike-point area, the 

signals were averaged in the poloidal radius to the area encompassed by 
the peak emission at the onset of the density ramp. For the B-a/g ratio, 
this was determined for each pulse with a half-width about the peak of 5 
cm. Other half-widths were investigated (‘full’ outer target, 10 cm and 2 
cm). The full outer target was quickly contaminated by the radiation 
that forms near the x-point at full detachment. Averaging over 10 cm 
was less affected but averaging over 2.5 cm was too narrow to capture 
most of the peak emission drift towards the x-point. For <ne,Stark>, 
which has much lower spatial resolution, the two LOS at the peak were 
used and selected for each pulse. The same peaks were used for the <Te, 

cont>.

Results

Consider first the Balmer line intensity results from the filter cam
eras. D sc-He ( ) B-α ramps faster (versus <ne,edge>) than other 
pulses and reaches a higher final intensity (counterintuitive to its 
pumping). H sc-He ( ) B-α ramps similarly to the LN2 cases but 
reaches and exceeds the D sc-He B-α intensity, contrary to what may be 
expected for the much better pumping of sc-He. Fig. 4 shows Isat,outer, B- 
α, B-γ and the ratio versus <ne,edge>. The faster ramp in D sc-He B-α is 
likely due to the larger and ramped fuelling rate, however, H sc-He 
fuelling does not exhibit much different behaviour to the D sc-He fuel
ling. B-γ displays similar ramp slope behaviour but D sc-He begins to 
ramp earlier in in <ne,edge>. The plot of the B-α/B-γ ratio displays a clear 
separation between sc-He and LN2 at high <ne,edge>. In the ramp phase, 
the ratio has similar ramp rates, with some delay, for the LN2 pulses. 
However, adding ‘stepped’ pulse data shows that the data is distributed 
about the ramped case, implying that the ramp rate of the electron 
density is not the root cause for the discrepancy between the pumped 
and unpumped configurations. Errors bars were propagated from cali
bration, photon statistics and the spatial averaging process; these errors 
are on the order of 2–3 % after averaging.

Divertor electron density from Stark broadening:
The standard Balmer transition is usually the 6–2 at medium reso

lution (1200 l/mm grating 0.75 m imaging spectrometer). To simplify 
analysis and remove instrumental differences in alignment, the lower 
resolution near-UV system was used to obtain LOS-avg ne,stark and Te,cont. 
Furthermore, the medium resolution spectrometer was used for other 

Fig. 2. Divertor view of the spectroscopy lines of sight on the divertor with a V5 magnetic configuration strike point and x-point shown. Aligning to Fig. 3: the radial 
stacks are on the tile labelled 5 and stack A is directly above the 2.5 m marker, stack D is above 2.8 m.
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measurements on a few of the pulses. To ensure the ne,stark from the 8–2 
transition, measured with the lower resolution grating, produces similar 
ne,stark profiles (magnitude and shape) to the 6–2 using the higher res
olution grating, they were compared on shots when both were available. 
The higher resolution 6–2 and lower resolution 7–2 and 8–2 transitions 
showed similar behaviour with only slight variations in magnitude due 
to the inaccuracies of the parameterised Stark broadening for the tran
sitions and the lower resolution of the measurements for the 7–2 and 8–2 
transitions [9].

From the peak average, the rollover electron density for the 8–2 
transition, shown in Fig. 5A, occurs at similar values of <ne,edge> for all 
pulses, however, as shown in Table 1, the peak value in <ne,stark 8-2>

varies between 3.2 × 1020 m− 3 and 4.4 × 1020 m− 3. This plot shows 
some variation in <ne,stark 8-2> rollover with H sc-He being lowest and T 
LN2 having the highest rollover. D sc-He and D LN2 are very close to the 
same value. Here might be the largest isotope effect. Errors were prop
agated from calibration and photon statistics thru the fitting and then 
spatial averaging; these errors are shown in the figure.

In the space <ne,stark 8-2> vs. <ne,edge>, H (LN2) is an outlier similar 
to Isat vs. <ne,edge>. There is some indication of isotope separation in the 
peak value of <ne,stark 8-2> at the strike point. Error analysis show that 
the variation of D sc-He, D LN2, T LN2 and DT LN2 is significant. The 
peaks of D sc-He and D LN2 are very close suggesting that the influence 
of pumping vs unpumped is limited. Unexplained is the H sc-He being so 

far from the other curves. As expected, the <ne,stark 8-2> rollover 
(~3.0–3.3 × 1020 m− 3) and the Isat rollover (~2.6 × 1020 m− 3) are 
significantly different [3].

Electron temperature from the Balmer-continuum:
In Fig. 5B, the peak averaged electron temperature from the con

tinuum, <Te,cont> [10], is considered against <ne,edge> resulting in an 
exponential rate of decay to ~1.1 eV in all pulses. The D sc-He pulse 
shows a greater rate of decay. This shows small variation in decay rate 
visually. D sc-He advanced over all others; possibly a ramp rate effect. 
Error propagation has been done and are shown in the figure; the largest 
errors in the spatially averaged Te are about 0.05 eV (Errors after roll
over in unaveraged strike point line of sight are about 0.1 eV). The <Te, 

cont> used here is only the continuum step, not the low wavelength 
continuum which is more sensitive at low temperatures and is likely 
below 1 eV [9]. Despite some small variation, each pulse reaches ~1.1 
eV around 3.2 × 1019 m− 3.

When looking at the pressure proxy, <ne,stark 8-2>*<Te,cont> as show 
in Fig. 5C, the isotope separation becomes clear and anomalies at least 
after Isat rollover are not present. This shows probably the clearest 
separation by isotope after Isat rollover without anomalies (T → DT → D 
→ H with D sc-He and D LN2 nearly matching). There is a clear 
distinction between T/DT, D and H and even D sc-He and D LN2 match 
closely.

Fig. 3. Comparison of imaging field of view between the fast filter cameras (Ha camera shown on top) and the visible spectrometer leg with slits wide open and 
wavelength set to zero. This shows the fast cameras cannot see as far inboard as the spectrometer systems due to a Newtonian telescope misalignment that was 
not corrected.
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Fig. 4. Isat,outer (A), peak averaged Balmer-α (B) and Balmer-γ (C) and their ratio (D) versus <ne,edge>. Units for the emission (panel B and C) are photons/m− 2/ 
steradian/second. Color code for the pulses shown in Fig. 5 legend for the ramped pulses; the stepped pulses are shown in , 

and . The stepped results are overlap the ramped data supporting the premise that ramp rate is 
not a factor.
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Fig. 5. <ne,stark 8-2> versus <ne,edge> (A) shows some variation in <ne,stark 8-2> rollover with H sc-He being lowest and T LN2 having the highest rollover. D sc-He 
and D LN2 are very close to the same value. Here might be the largest isotope effect; if significant. <Te,cont> versus <ne,edge> (B) show small variation in decay rate 
visually. D sc-He advanced over all others; possibly a ramp rate effect. The pressure proxy <ne,stark 8-2>*<Te,cont> (C) shows probably the clearest separation by 
isotope after Isat rollover without anomalies (T → DT → D → H with D sc-He and D LN2 nearly matching).
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Summary

The 1D view of detachment utilising the average along the strike 
point tile is complicated by the presence of the x-point radiator that 
grows as complete detachment is reached. This problem is solved by 
taking an average around the initial peak emission at the outer strike 
point; by taking this spatial region on a pulse-by-pulse basis and tran
sition (B-α and B-γ), minor differences in spatial calibration between 
pulses are removed. It does, however, presuppose that the two transi
tions peak in the same poloidal location in the divertor.

For Lines-of-sight around the strike point, the Isotope/Pumping scan 
resolves, in B-α/B-γ Ratio space, to a difference in pumping. However, in 
<ne,stark> vs <ne,edge> space, H sc-He is an outlier and there is a likely 
isotope dependence between D, DT and T. In <Te,cont> vs <ne,edge>, D 
sc-He is an anomaly, and there may be an isotope effect on the decay 
rates. For both, <ne,stark> and <Te,cont> vs <ne,edge>, error propagation 
shows that the differences are significant. Further work is intended to 
perform fits to this Te and pressure data.

B-γ, <ne,stark>, and <Te,cont> all show broadening and shift towards 
the x-point as the ramp progresses. However, B-α does not show this but 
does show symmetrisation in spatial profile as <ne,edge> increases and 
detachment progresses.

Density step pulses were performed to remove the differences in 
density ramp rate. The density step data mapped well onto the ramp 
data which implies that the ramp rate has a minor effect.
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