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Abstract.

Evidence for volume recombination in the JET divertor has been obtained from the
population ratios of the excited states of neutral hydrogen. The ratio of the Balmer
series lines D, has been used to identify recombination at both the inner and the
outer divertor target. At the outer target the onset of recombination is well correlated
with the plasma detachment as observed with Langmuir probes in the divertor target.
While T, obtained from the target probe characteristics falls to ~2g¥om the
population distribution of the excited states is#).8 eV. The peak plasma density
looking across the outer divertor leg just above the target exceeds 2 swto
When the plasma becomes partially detached from the outer target the radial
distribution of recombination shows a maximum close to the outer divertor strike
point.

|. Introduction

In tokamak divertors the plasma density frequently rises to val®@¥m > and the electron
temperature, J falls to ~1 eV. Under such conditions recombination of ions and electrons can
occur. This recombination is thought to play an important role in reducing the incident ion flux
and detaching the plasma from the divertor target [1,2,3,4]. The distribution of the populations
of excited states of hydrogen in a plasma depends on both excitation and recombination processes.
Excitation tends to preferentially populate the low-lying excited states and recombination the
upper ones. Thus the process of recombination may be identified from the ratio of the excited
state populations, particularly in the Balmer series [4,5,6]. Understanding the plasma behaviour
under these conditions can be further complicated by the plasma becoming opaque to the emitted
radiation, particularly the Lyman alpha radiation [1]. The Balmer lines are much less affected
by self absorption under the plasma conditions of interest [7] but the population distribution of
the upper excited states can be changed by the opacity of the plasmatoathition.

In the present paper we first discuss the expected emissivity due to the different processes, section
II, and then present experimental observations of the emissivities of the hydrogen Balmer series in
the JET divertor. With increasing main plasma density a reduction in the divgigrand B/D,
ratios is observed in the density range where excitation dominates, showing an increase in density,
and then a large increase in the ratios occurs which is attributed to the onset of recombination and
correlated with detachment.



[l. Atomic physics.

The measurement of the population levels has been discussed as a diagnostic technique by a
number of authors [1,8,9] including notably Fujimoto [10], who has used the ratios of the excited
states, n=3-> 2, n=4-> 2, n=5-> 2, to estimate the electron density. These lines of the Balmer
series are in the visible and are readily observed spectroscopically. The results of calculated
ratios based on excitation models are shown in fig 1. Similar curves are available for the Lyman
series in the vacuum ultraviolet. It is seen that over the density rgat@nto 1" m™ the
ratios vary by over an order of magnitude, with the ratio of the higher lying states varying more
than the lower ones. Except at very low temperatures the dependengds small.
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1. Calculated density dependence of the emission line intensity rafief, s, H.and H to H,. The plasma is
assumed to be at high temperature in the ionizing phase and optically thin. From Fujimoto et al [10].

The situation becomes more complicated when recombination is taken into account. This
has been considered recently for experimental data from C-Mod by Terry at al [5,6], JET [4],
ASDEX Upgrade [11] and DIID [12]. The photon emissivity coefficients (PECs), which
incorporate models of the balance between the excited states, are available for excitation and
recombination separately in the ADAS data base [13]. The excitation data from ADAS have
been compared to the Fujimoto calculations and the recombination data has been compared with
the population ratios calculated by Terry. In both cases good agreement was obtained.



The absolute emission due to recombination depends approximatg?ymﬁlethe emission
for excitation depends on the produgtjawhere g is the neutral density. Thus the ratio of the
emission for recombination to excitation depends on the rgtig Ain example of the emission
rates for H as a function of Jwith n=1x10°m™> and various values of,iis shown in fig 2.
Because of the steep decrease of the excitation rate at low temperature recombination only
becomes dominant for,¥ 1.5 eV, for any reasonable value gf iSimilar curves exist for H
with the cross-over shifted to slightly higher T
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2. H, emission rates due to excitation and recombination for an electron dgnitﬂfpm'g from ADAS [13]. The
excitation rates are calculated for 3 different neutral densities.

The ratio of /H, emission rates for excitation and recombination are shown as a function
of temperature in fig 3. The large difference between the recombination and excitation ratios is
clearly observed. For recombination the populations of the high-lying excited states are much
larger than for excitation, the ratio of/H, emission ratios varying from 0.18 @tzﬁxlo1L9 m-
3t0 0.10 at gzlozom'3for a plasma temperature of Te = 1eV. The small variation with temperature
of the H/H, ratio due to excitation is also observed in fig 3. The variation of the ratio for
recombination, due to both, @nd np changes, is more marked.

Other recombination mechanisms have also been discussed [7,14]. The contribution due to
radiative recombination has recently been calculated by Behringer and shown to be small [7].
Molecularly assisted recombination (MAR) has been discussed by Pigarov and Krasheninnikov
[14]. Although the recombination rate coefficients are much larger than for 3-body recombination,



the absolute rates cannot be determined as the density of the vibrationally excited molecules, on
which the process depends, have not been measured. Experimental evidence for MAR has been
sought in C-Mod but not yet found, while 3-body recombination is in good agreement with
experiment [5].
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3 Line intensity ratios calculated from ADAS photon emissivity coefficients (PECs) i, Hfor electron
excitation and for recombination at three different densities [132x10"°m™, n=2x10°mand n=5x1G°"m’.

The effect of self absorption of the emitted radiation by the plasma has been shown to be significant
by Behringer. For example, for a plasma cylinder of 50 mm radiugEat]r@lg m>and Te = 1leV
the escape probability for Lyman alpha radiation is <5%. While the Balmer series lines are not
significantly attenuated under the conditions of interest the absoghediition can significantly
alter the populations of the upper states [15]. Fortunately for present purposes the ratio of the populations
of the n=3, 4 and 5 levels is not significantly altered [7].

lll. Experimental Data.
[1l.1. Outer Divertor Target.

Spectroscopically resolved data in the visible are available from integrated views of both the
inner and outer JET divertor targets and from 7 narrower angle views (30 mm wide at the target)
(KS3). In addition there are 12 tracks across the outer target each 13 mm wide, spectrally
resolved over the range 400 to 700 nm. (KT3B). KS3 is a survey instrument and routinely
monitors  (656.27 nm), 2 (486.13 nm) and [X434.05 nm). KT3B can monitorgPD, and
D;(410.17 nm) simultaneously. The lines of sight are shown in fig 4. Jhpddial distribution
across the inner and outer target is obtained, with 3 mm resolution at the target, from a flux
camera with an interference filter, (KL2). .
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4. Lines of sight of the two visible spectrometer diagnostic systems KS3 and KT3B, the flux camera, KL2, the
divertor interferometer, KG6D and the ECA diagnostic, KK4D and the divertor target probes.
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5. Global parameters for the 2MW L-mode density limit shot# 39588. The total emission fiammd D, spatially
integrated over the inner and outer targets and the total integrated ion current to the probes are compared.

Results for a 2 MW L-mode density limit shot with a horizontal divertor target (# 39588) are shown
in figs 5 and 6. The global parameters of the shot are shown in fig 5. Detachment from the outer
target is clearly seen at ~22.1 s by the drop in the total ion current to the target. In fig 6 the intensities



of Dg, B, and  from KT3B have been compared tpfidbm KS3 outer along the same line of sight
(R=2.833 m). The difference in the three ratios is quite marked. Atlow density they are all consistent
with the theoretical values from fig 1 for a densify.2x13°m™>. As the central density, rises the

ratios decrease, indicating that the density near the target increases 8 wi3an22 s. An
independent measure of the density at the outer divertor is obtained from the divertor interferometer,
KG6D , which has a line of sight across the flux surfaces, as shown in fig 4. As the measurement is
of the line integral density a rough estimate of the peak density can be obtained by dividing by the
density e-folding length, obtained from the target probe data (KY4D), ~0.06m. Using the JET divertor
Electron Cyclotron Absorption (ECA) diagnostic [16], the upper cut-off frequency for the ECE
extraordinary mode can be measured and this also determines the peak density along the line of sight.
This measurement is also plotted in fig 6. The peak densities from the ECA system and the
interferometer are in good agreement with each other and with the density measured by the probes up
to the point of detachment, and the absolute density is within a factor of 2 of the density derived from
the B/D, ratio.
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6. Variation of the line integrals of the ratiog/D,,, D/D, and ByD, from KS3and KT3Bduring a density ramp

in shot # 39588 at a major radius R=2.833 m. The maximum densities along the line of sight, derived from the
divertor interferometer and the ECA diagnostic (cf fig 4) are also shown, (see text).

The local D, signal used in fig 6 saturates at ~22s. Looking at fig 5 it is seen that at this time
the absolute values of the integrated dhd B signals continue to rise. Using the spatial
integrals across the outer target, which have a larger dynamic range than the local lines of sight,
the /D, ratio is plotted in fig 7. The decrease in thi ratio at the outer target up to 22 s,
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7. The YDy ratio for the integrated views of the inner and outer target of KS3. The sudden rise gbthaiib,
indicating the onset of recombination occurs at the inner target at significantly lower density than the outer target.

Shot 39588 .

indicating the increase of density in the excitation only situation, is again clearly observed and
then there is an abrupt change in thR ratio at the outer target, coincident with the onset of
detachment. Although the divertor interferometer fails at 22s the ECA system continues to
make measurements. This shows that the peak density along the line of sight in the divertor rises
abruptly and exceeds 2503, Beyond this level the diagnostic cuts off, but is still showing

that the density is above the cut-off. At the same time the density measured by the probes at the
target falls indicating that the region of maximum density is starting to move towards the x-
point. Itis also observed that the density measured by ECA diagnostic falls again at 23.9s, just
before the plasma disrupts. This is because the region of peak density now moves further away
from the line of sight of the ECA diagnostic, towards the x-point, at this stage. The same effect
is observed with the bremsstrahlung distribution as discussed in section Ill.2.

The rise in the DD, ratio is modest compared with the value of the ratio expected when
recombination is dominant. This is due to recombination being localized within the field of
view, as will be discussed in the next section.

[11.2. Spatial Distribution of Excited States

The spéal variation of the Dand Q has been obtained using data from the flux camera and the
KT3B spectrometer. The spatial calibrations of the two diagnostics were cross checked using a



peaked ClI distribution and a 15 mm correction applied to the spectrometer. The spatial distribution
of the O, Dyand Oy are compared in fig 8 for 3 different times in shot 39588. At 18.5 s the
distributions are fairly flat for all 3 species giving @D, ratio of ~0.02 over the range R=2.75t0 2.9

m. This is consistent with excitation only and a density of ~»i0’. Att=21.5 s all 3 intensities

have increased but the, Das peaked at ~2.80 m resulting in a decrease intbg &dD4/D,

ratios, indicating a density increase there, but with the radiation still due only to excitation. At 23.5s
the D and Qyradiation have changed dramatically, increasing at small major radius, anthe D
ratio now increasing to ~0.10. Referring to fig 3 we see this is consistent with recombination becoming
dominant. If it is assumed that the radiation is all due to recombination then it is possible to estimate
the local T from the ratios of [YD, and 0y/D,, [6]. The experimental values of these ratios at the
peak radiation are [, =0.08+0.01 and YD, =0.0250.005. Comparing with the ADAS
photon emissivity coefficients these results are both consistent widh/Tto 0.9 eV at a density
n=2x10"° m™®. Assuming a higher density would result in a slight increase in the valye of T
deduced.
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8. The spatial distribution of the line ratiogD, and OyD, for the 12 chords corresponding to the lines of sight of
the KT3B spectrometer looking at the outer target, cf fig 4. Thend Oyintensities are obtained from KT3B and
D, from the flux camera KL2. Shot 39588 @ 18.5 s, 21.5 s and 23.5 s.
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9 Time dependence of the chords gf Bignal and of the ratio [, for five spatial channels of KT3B.

The time dependences of these signals are shown in fig 9. It is noted that channels land 2
respond first at 22.2s, channel 3 and 4 are a little later at 22.3s. The ratio does not rise for R>2.82
m indicating that the radiation in these channels is still predominantly due to excitation, at a
density of g=5x10"°m™>. The absolute value of the, Intensity is very similar for channels 1,

2 and 3, but is ~30% lower for channel 4. The absolute value of tlraddation is a maximum

for channels 3 and 4. Recombination appears to dominate for the 2 inner channels and then
decrease in importance. Note however that the outermost channel in fig 9 intersects the wall
outside the vertical target and therefore relates to the plasma above z=-1.%@ dY.cThere

IS no indication of recombination on this channel, as expected. Referring to fig 4 the maximum
recombination is near the major radius of the outer target strike point. This is consistent with the
results from C-Mod [5], though in our case we cannot determine the vertical height of the
recombining region.

An interesting survey of the position of the different radiating species is obtained from the flux
camera KL2 as shown in fig 10. Here the @#§57.8 nm), and the [radiation 4=656.3 nm) are
shown in contour plots as a function of time. Detachment at the inner target occurs at 16.2s as discussed
in the next section. Before 22s the radiation from both species at the outer target is clearly in the
SOL, radially outside the strike point (R=2.76 m). When the plasma detaches from the outer target
the ClI radiation abruptly jumps towards the x-point position (R=2.62 m) and broadens, as viewed



radially from the top. Referring back to fig 4 it is seen that this is consistent with the radiation moving
upwards along the separatrix. This behaviour is expected to occuatth@ target falls. The D

radiation does not move as much radially but the radial profile gradually broadens. At 24s, just before
the disruption, the CII and the,Dadiation become strongly peaked at the x-point position. The
bremsstrahlung (not shown) also peaks strongly at the x-point radius indicating high density there. It
has been already noted that the density above the target, measured by the ECE absorption diagnostic,
falls at this time, cf fig 7.
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10. Spatial distributions of the CR£657.8 nm), and the Pradiation 1=656.3 nm) from the KL2 camera are
shown as contour plots. The radial position of the inner and outer strike points and the x-point, as viewed by the
camera are shown. The times of detachment at the inner and outer targets, as determinegDiyatie (2f fig

7), are also shown. The contour plots are in units bgfphbtons nf s*for Cll and10® photons nf s for Dy

[11.3. Inner Divertor Target.

The only visible spectrometer viewing the inner target is KS3. In general only the integrated
views over the whole target are available forEhesignals. Thus the signals are averaged over the
volumes where there is recombination and those where there is only excitation, leading to a smaller
increase in the ID, ratio than could be expected if recombination dominated, as was seen for the
outer target, fig 7. Nevertheless, a clear onset of recombination can be observed in shots where there
is a density scan. The spatially integratgpratio is shown for both the inner and outer targets for

10



the L-mode shot in fig 7 and for an ohmic shot (#36854) in fig 11. For the ohmic shgtiheeilo
rises at 13.0 s for the inner target, corresponding to a core densﬁi)g:ch‘.8xld9 m?3, and at
~15.5 s for the outer target, correspondingije2.9x13° m®. For the L-mode shot the inner
target shows DD, ratio rising at 17sf,=1.5x10° m®) and the outer target rise occurs at 22s
(ne:2.5x1019 m®). These results are consistent with the data from the target probes which show
that the onset of detachment occurs first at the inner target. The absolute rise D jfratio

is about the same in both inner and outer targets.
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11. The YD, ratio for the integrated views of the inner and outer target of KS3 for an ohmic discharge, #36854.
As in fig 7 the sudden rise of the/D, ratio, indicating the onset of recombination occurs at the inner target at
significantly lower density fithan the outer target. The oscillation on the signals is due to a small amplitude, 4 Hz,
scan of the strike point position.

The inner detachment is shown very clearly in the contour plots from the KL2 camera, fig 10.
Before 17 s the DPradiation is located outside the strike point. At 17.2 s, coincident with the
time the YD, ratio rises (fig 7), the radiation from the CII, and thg livoaden markedly,
consistent with the measured fall in the plasmatThe target (see section 4). Much of the D
radiation appears to be coming from the region between the separatrix and the inner wall, in
good agreement with the 2-D fluid modelling of JET by Borrass et al [17]. The CII radiation is
coming from the region above the private flux zone. The intensities increase as the density
increases, with the CII radiation moving towards the x-point. Just before the plasma detaches

11



from the outer target the intensities decrease and at the outer detachment all the radiation bands
broaden. Very similar behaviour was observed in the ohmic discharge. However in this case a
MARFE forms as soon as the plasma detaches from the outer target and after 17.8 s it moves
rapidly up the inside wall of the tokamak. It would appear that the additional power in the L-
mode discharge stabilizes the detachment.

l1l.4. Correlation with Target Langmuir Probe Data.

The data from the probes in the target characteristically show an indication of detachment,
with the ion saturation current falling as the core density increases towards the density limit and
T.falling below 5 eV. The total ion current to the inner and outer targets was shown in fig 5 and
indicated detachment at the outer target, with an abrupt fall in the current at 22.2s corresponding
to the divertor MARFE. At the inner target,from the probes indicates detachment occurring
near the corner of the divertor, as previously observed in ohmic discharges with horizontal target
[18]. This behaviour is also predicted by fluid modelling of JET [17]. The temperatures for 6
individual outer target probes (23 to 28, cf fig 4) are compared in fig 12. At 19 s the temperature
decreases with increasing major radius from probe 23 near the strike point (R=2.761 ) to probe
28 (R=2.861). As the density increases the temperature drops to less than 5 eV for probes 23-25
while staying almost constant for probe 28. No such consistent decreass wb$erved to
coincide with detachment at the inner target at 17 s in the L-mode shot #39588. This is not
understood at present. However the decreasgandin J,, coincident with the rise in the,D
D, ratio at the inner target, is observed in the ohmic shot #36854.
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12. Time dependence of from the outer target probes 23 to 28 (R=2.761 m to 2.861 m) showing detachment at
62.1s
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The time dependence qf,ht the probes has been compared with {fie [Patio in fig 13 for
same radii. Because the vertical height of theutl O radiation above the target is uncertain
it is difficult to determine which flux surface to connect the probes to, and so we have simply
compared the two signals at the same major radius. The jump in/ter@tio occurs as JI
drops to ~3 eV and the drop in the ion current is well correlated with the increase {jDhe D
ratio . The correlation is even clearer in fig 14a where {fig Datio is plotted against.For 3
probes. It is noticeable that the /D, ratio decreases as falls. This is expected for the
excitation radiation, cffig 3. In fact the/D, ratio is expected to decrease both as a consequence
of the density increasing and thgdecreasing. At ~ 3 eV the/D, ratio starts to increase and
it reaches its maximum value at 2 eV. The increase is larger for the probes close to the strike
point indicating that for these chords the radiation is increasingly recombination dominated, as
was seen in fig 8. The electron temperatures used have been derived from single probes using
the virtual asymmetric double probe fit [19]. This model attempts to compensate for the low
ratios of the electron to ion saturation current that are typically observed in the high recycling
conditions [20]. Using the conventional single probe exponential fit the derived electron
temperature saturates at ~ 3 eV compared to the ~ 2 eV derived with the asymmetric double
probe fit. However the derived temperature may still be overestimated due to plasma resistivity
[21] and kinetic effects. [22].
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14. (a) Q/Dgratio, obtained from KT3 and KL2, at two different major radii plotted against probe meagated T
the same radius.

(b) Degree of Detachment (D.O.D.), defined in eqn(2), from 3 probes, plotted agairesiSured by the probes.

Using the simple “two-point” model [23] of the divertor scrape-off layer it can be shown that
the ion flux (l;,) to the divertor should approximately scale according to :

_ _ T, n;
lgv = Ny Caiv = 8k.m Ts((:;iz (1)

wherey is the sheath transmission coefficieqfthe electron thermal conductivity coefficient,
m; the ion mass, Lthe connection length and the subscrifptsandmid refer to the divertor and
midplane respectively. Assuming the h[ n, then the Degree of Detachment (D.O.D.) [24]
may be defined as follows:

| 5 cn?

D.O.D. = = )

| measured | measured
div div

such that we define D.O.D. > 2 as the threshold for the onset of detachment to occur. The D.O.D.
definition has been shown to be comparable to the measured electron pressure drop between the
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SOL and the divertor [24]. Thus it serves as a useful definition to quantitatively determine
detachment from the divertor probe measurements. The D.O.D. has been calculated for the outer
divertor target probes. Plotting D.O.D. vs local plasma temperagufig TL4b, it is seen that

there is very similar behaviour of the DOD and th@Rratio, illustrating that detachment and
recombination are closely related. The plasma is attached (D.O.D. =1) at the outer target for all
temperatures down to 3 eV. At=T3eV, as measured by the probes, the D.O.D. begins to rise
coincident with the rise in the [D, ratio. In earlier assessments of detachment the question
was posed [25], can detachment be explained by momentum transfer via ion and neutral collisions
[25,26]? The present results indicate that on JET there is no sign of detachment until recombination
setsin. lon-neutral friction, if it plays a role in detachment, would only be effective once volume
recombination has started to occur - perhaps by slowing the plasma flow sufficiently to permit
the recombination to be effective in reducing the plasma flux to the target [27].

IV. Conclusions

Conclusive evidence of recombination near the divertor target in high density JET discharges has
been obtained from comparison of experimental measurements gf/eratio of the hydrogen
Balmer series with atomic physics calculations. At the outer target the recombination is strongly
correlated with the rollover of the ion saturation current, determined by the probes in the target plate.
At a measured temperature of ~3 eV the ion saturation current to the plate falls and recombination
radiation suddenly dominates the Balmer series emission. As the probe temperature measurements
are uncertain, due to kinetic and other effects, we considentbii€ to be an upper limit. Assuming
that recombination is the main source of radiation {fi®and Qy/D, ratios indicate local values of
T.in the range 0.7 to 0.9 eV. Comparison of the absolute emission rates indicates that conventional
three-body recombination only dominates foxI.5 eV, for any reasonable value of neutral density.
The peak plasma density on a sight line just above the outer target has been measured using the
electron cyclotron cut-off frequency and shown to be greater than PBRT0

Spatially, recombination occurs near the outer strike point. At larger major radius, away from the
separatrix, the radiation is still predominantly due to electron excitation. The onset of recombination
is directly correlated with the onset of detachment, determined by the rollover of the ion saturation
current measured at each of the probes in the outer target plate. This correlation appears to indicate
that recombination is the dominant mechanism determining detachment. While the original proposal
that momentum transfer to neutrals is not entirely ruled out it seems likely that it plays only a subsidiary
role. When detachment occurs, the radiation sources of CHn®the bremsstrahlung move up
towards the x-point and just before the formation of the x-point MARFE the density in the divertor
region falls.
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At the inner target the experimental measurements have less good spatial resolution and the position
where recombination occurs cannot be so well established. Nevertheless, from the spatially integrated
views it is clear that the JID ratio increases to a similar value to that observed at the outer target.
The Cll and [ radiation and the bremsstrahlung sources move up towards the x-point in a similar
fashion to that at the outer target plate. The recombination occurs at lower valeessistent with
the inner target plasma being characterized by a lower temperature and higher density than the outer
target.

Measurements of the ID, ratio have been shown to be a simple and effective way of determining
the onset and the spatial distribution of detachment. Further exploitation of the technique is clearly
warranted.
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