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1. INTRODUCTION

The understanding of plasma surface interactions, in order to assess the main processes which

take place in the divertor region, requires knowledge of the plasma characteristics. In JET, the

characterisation of the different divertor geometry for the successive Mark I, Mark IIA, Mark

IIAP (the “plugged” version of Mark IIA) and finally Mark IIGB divertors entails knowledge of

plasma parameters such as ion and electron density, ni and ne, ion and electron temperature, Ti

and Te, and the recycling particle flux at the edge. Whereas the particle recycling can be esti-

mated by measuring the intensity of Dα line emission, neither ni nor Ti can be easily and rou-

tinely obtained, compared to ne and Te, which are measured by Langmuir probes.

In JET, two periscopes have been installed in the divertor region [1]. The periscope in-

stalled outboard of the divertor has lines-of-sight which traverse the divertor plasma and termi-

nate on recycling surfaces covering the inner half of the divertor. The optical system installed in

this outer periscope consists of 10 optical fibres which transfer light to a high resolution

spectrometer. Typically, lines such as Dα, CII (λ = 6578 Å) and CIII (λ = 4650 Å) have been

measured. With this spectrometer, it is possible to measure the Dα line profile shape and thus the

energy distribution of the emitting neutrals. The ion temperature can then be deduced under

some assumptions. A previous analysis by Kubo [2] has shown that, even if there were some key

questions concerning the alignment of the optical viewing lines, the D+ ion temperature could be

estimated from the fitting of the Dα spectrum.

The first part of this report concentrates on the measurement of Dα line emission, its

fitting and the plasma parameters which can be deduced from the spectrum fitting. The second

section is devoted to the description of the spectrometer. Using spatial profiles of the ion satura-

tion current measured by Langmuir probes and of the Dα and CII emission measured by the

periscope, the geometry of the viewing chords was checked. The geometry proposed here re-

sults in better agreement between the experimental measurements and modelling. The Dα emis-

sion measured by the different channels is then discussed in section 3 for Ohmic and L-mode

density limit discharges. It is shown that the Dα signals which intersect the divertor target in the

private region and in the main SOL behave in an opposite way as detachment occurs. Using

these different evolutions, a degree of detachment (DoD) based on the Dα emission of two

adjacent channels is defined, complementary to the DoD [3] derived from the ion saturation

current measured by the target Langmuir probes. The radius of the maximum emission of Dα is

discussed in section 4. The resulting energy of the atoms (fast and slow) is also presented in this

section. In section 5, the measured Dα spectra are compared to initial simulated spectra based on

two dimensional edge plasma/neutral modelling. In the last section conclusions are drawn and

possible future improvements are outlined.
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2. ENERGY DISTRIBUTION OF THE DEUTERIUM NEUTRALS AND THE D α
LINE PROFILE

The spectral profile of the Dα line emitted from the divertor plasma region contains information

on the energy distribution of the deuterium atoms and their recycling processes. Impacting ions

and atoms on the tiles of the divertor can be either reflected as D neutrals or absorbed by the

wall. The reflected atoms can either be ionised or experience a charge exchange collision. Their

energy (before any charge exchange collisions) is of the order of the impacting particle, i.e.

about 2 times [4] the initial energy of the ion (~10 eV for JET divertor plasma conditions) before

sheath acceleration.

When the wall becomes saturated, the absorbed atoms are released as D2 molecules with

an energy of the surface temperature of the wall (in JET, 300-600 K ~ 0.02-0.05 eV). The wall

becomes therefore a D2 source which balances the rate of absorbtion of atoms and ions. These

molecules experience dissociation or ionisation by collision with the electrons producing D2
+,

Do or D+. In the vicinity of the divertor target (n me ~ 1019 3−  and T eVe ≤ 10 ), the D2 mol-

ecules and D2
+ molecular ions are essentially instantaneously dissociated (mean free path ~

1cm) and the resulting deuterium atoms move at the velocity determined by their Franck-Condon

(FC) energy (3-4 eV) until they experience a charge exchange reaction, are ionised by electron

collision or return to the divertor tile. In the case of charge exchange, the neutralised atom

acquires the ion energy.

The energy distribution of the deuterium atoms is therefore composed of a low energy

component (“slow” atoms, resulting from molecular dissociation and ionisation) and a high

energy component (“fast” atoms, resulting from the reflected atoms and atoms produced by

charge exchange collisions).

In general, the spectrum of Dα emission from such a neutral energy distribution is further

complicated by the Zeeman effect. In JET divertor plasma conditions, the Zeeman splitting is

typically greater than Doppler broadening of the slow component of the emission and compara-

ble to the broadening of the fast component. Since the magnitude of the Zeeman splitting de-

pends on the magnetic field strength at the point of emission, it provides information on the

spatial location of the emission along the line of sight.

Finally, the Dα spectrum in JET can consist of a superposition of emission of any of the

three isotopes of hydrogen. The three spectra are slightly shifted with respect to each other and

must be fitted separately. Information on the isotopic content of the recycling neutrals is there-

fore available and has been used to great effect in JET DT experiments [5]. In the spectra consid-

ered here, the dominant isotope is deuterium; there is essentially no tritium and the hydrogen

emission is less than 1.5% of the deuterium emission.

Figure 1 shows a typical Dα line profile observed in the JET divertor with a visible

spectrometer whose line of sight views the divertor from the top of the machine. The spectrometer
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Figure 1: Line profile of Dα emission from the JET
divertor. The diagnostic views the divertor from the top
of the machine and is equipped with a polarizer which
passes only the linearly polarized component of the light.
The fitted profile is the sum of two gaussian components,
shown here at half intensity.

is equipped with a linear polarizer so that only

the Zeeman π component is observed. The fit-

ted profile is the sum of two gaussions, fitting

a narrow and a broad component, as shown in

figure 1. The narrow component corresponds

to emission of the excited slow atoms after dis-

sociative electron impact excitation and of

Franck-Condon D atoms (originating both from

the wall and from external D2 gas injection into

the divertor). The broad component is due to

the emission of charge exchange neutrals and

of fast neutrals reflected by the wall following

neutral or ion impact.

The Dα profile is also modified by the

Doppler shift of the spectrum toward the lower

wavelength for the fast reflected atoms. This

is due to the fact that the reflected atoms move

away from the divertor tile and most of them move toward the spectrometer. This shift is ex-

pressed as ∆λ=(v/c)λο, where v is the velocity component of the excited atom in the direction of

observation, c is the velocity of light and λο is the wavelength of emission by a particle at rest.

Since the energies of the reflected and

charge exchange atoms are very similar, it be-

comes difficult to distinguish these two contri-

butions to the broad component. However, it

can be seen in figure 1 that the fit is in good

agreement with the measured spectrum, the

Doppler shift being taken into account by a shift

of the broad component towards lower wave-

length.

It is not always possible to equip the col-

lection system with a polarizer and, as a con-

sequence, both the narrow and the broad com-

ponents are strongly influenced by the Zeeman

effect produced by the confining magnetic field.

This is shown in the spectrum of figure 2, ob-

tained with the divertor periscope, where the

three Zeeman components, σ-, π and σ+, of the

narrow component of the Dα spectrum can be
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Figure 2: Experimental and fitted Dα spectrum as a func-
tion of wavelength for Dα detection without polarizer.
The three Zeeman components σ-, π and σ+ are clearly
distinguishable for the narrow component (shown indi-
vidually at half amplitude). The broad component is also
fit with 3 gaussians (not shown) whose amplitudes are
low.



4

clearly distinguished. The splitting of the two sigma components from the central π component

is given by

± = ± =∆ ∆E h BB( )ω µ (1)

where ±∆E ( ±∆ω ) is the energy (angular frequency) shift of the σ+/- component relative to the

π component of the emission and µB eeh m= 2  is the Bohr magneton. This shift is converted

into wavelength as follows:

( )λ λ π
ω ω0

0

2+ =
+

∆
∆
c

. (2)

Assuming that the frequency shift is small compared to the unperturbed frequency, one

obtains:

∆ ∆λ λ ω
π

≈ 0
2

2 c (3)

or

∆λ λÅ Å B T[ ] ≈ × [ ] [ ]−4 67 10 9
0
2. . (4)

For the Dα transition, one obtains a Zeeman splitting of ±0.201 Å per Tesla.

The effect of Zeeman splitting is not easily seen in the broad component, due to its weak

intensity and the fact that its Doppler width is comparable to the splitting. Nevertheless, the Dα
spectrum is well reproduced with the sum of 6 gaussians which fit the σ-, π and σ+ peaks of both

the narrow and broad component. The details of the fitting algorithm and how it was employed

are described in Appendix A. The program used is an old routine originally intended to fit H and

D Zeeman-split spectra and currently is somewhat restrictive for the purpose it is applied here.

In particular, the program does not allow for a time-dependent Zeeman splitting for the warm

components.

One can exploit the Zeeman effect to deduce the local magnetic field at the point of emis-

sion from the wavelength difference between the σ−/+ and the π components. Knowing the vari-

ation of the total magnetic field with major radius (B B R R= ( )0 0  where Bo is the magnetic

field at the Ro radius), one can determine an average position of Dα emission along each line of

sight. Since the position of the cold components can be accurately determined (typically ±0.03-

0.04 pixels), the position of emission can be determined to an accuracy of about 1%.

3. THE DIVERTOR PERISCOPE DIAGNOSTIC

The divertor periscope diagnostic (KT6A) is composed of a high resolution spectrometer con-

nected to a periscope [1] viewing the inner divertor from the outer side. Figure 3 shows a sche-

matic view of the 10 lines of sight of the periscope. A second periscope, not shown on the figure,

viewing the outer target plates of the divertor from the inner side can also be connected to this
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spectrometer. However, in the following we will report measurements only from the outer peri-

scope viewing the inner divertor. The spot diameter of each line of sight at the inner divertor

target is about 25 mm, while the distance between each channel is about 55 mm. The wave-

length range covered for a given grating position is 8 nm with a dispersion of 0.011 nm per

pixel, corresponding to a wavelength resolution of 0.027 nm and to an equivalent energy resolu-

tion of 0.57 eV for Do. The time resolution is 100 ms.
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Figure 3: View of the high resolution spectrometer KT6A
with its 10 tracks. Tracks 1, 2 (not shown) and 3 are
completely vignetted by the divertor structure. Also
shown are the positions of the fixed Langmuir probes
which are mounted in the divertor targets.
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Figure 4: Time evolution for a probe calibration pulse
of ion saturation current from the Langmuir probes lo-
cated on the inner vertical target (Probes 5 to 10 - top
panel) and the Dα signals from tracks 4 to 10 of KT6A
(bottom panel).

Previous work on the data obtained with this diagnostic highlighted that there was a prob-

lem with the reference geometry of the lines of sight [2]. The geometry has been checked using

pulses designed for the calibration of the divertor Langmuir probes, where the strike points are

moved from the horizontal to the vertical target at about constant plasma density. In figure 4 are

plotted the time evolution of the Dα signals measured by tracks 4-10 of KT6A and the ion

saturation current (Jsat) measured with Langmuir probes 5 to 10 for a typical probe calibration

shot. Tracks 1-3 of KT6A are found to have little or no signal and are thus deduced to be blocked

by the tiles of the outer divertor. The maximum of the saturation current obtained on each probe

occurs at a time when the inner strike point is very close (within a few mm) to that probe. Both

CII emission (λ=6578 Å) and Dα have been used in order to determine the geometry of the

KT6A lines of sight. For n me = × −3 1019 3 and T eVe = 10 , which are values typical of the

divertor plasma in these pulses, and assuming the emitting ions / atoms move with a thermal

velocity of 103 m/s, the mean free path of ionisation, λi, of C+ and D0 are calculated to be about
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1 and 3 cm respectively. As a consequence, the maximum emission of both CII and Dα is

estimated to be close to the strike point.

In order for tracks 1 to 3 to be vignetted by the divertor structure, track 4 must be nearly

tangent to the bottom inner divertor tiles. Such a geometry means that the signal from channel 4

will be integrated over a rather wide major radius range: typically from R=2.35 to 2.60 m. This

is confirmed by the fact that the signal from track 4 does not exhibit as large an amplitude

variation as those from tracks 5 to 8 when the strike point is moved across the target. By cross-

checking the time evolution of Dα, CII and Jsat, it has been possible to define the geometry

displayed in figure 3. It should be noted that this geometry is close to the one which has been

deduced from in-vessel measurements of the position of the lines of sight at atmospheric pres-

sure and at room temperature (~20oC). The difference between the two geometries corresponds

to an anticlockwise rotation of 2o of the line of sight and is probably linked to deformations of

the vessel from both the vacuum and thermal forces (the temperature of the vessel when operat-

ing is ~320°C). Probe calibration shots are performed regularly in order to estimate probe tip

erosion and it appears that the KT6A alignment does not change significantly with time as no

change has been observed between the Mark IIA and the Mark IIAP divertor campaigns. The

geometry proposed here is consistent with vignetting of channels 1 to 3.

4. OHMIC AND L-MODE DENSITY LIMIT PULSES

During the Mark IIA campaign, a series of ex-

periments in Ohmic and L-mode plasmas

(Ip=2 MA, BT=2.5 T) has been performed in

deuterium (isotopic ratio nH/(nH+nD)<5%) in

order to study the density limit and plasma de-

tachment [6]. Figure 5 shows the time evolu-

tion of the main plasma parameters for one of

these discharges with vertical target configu-

ration: volume averaged plasma density <ne>,

total input power (Pin), radiated power (Prad)

and ion saturation current (Jsat) measured by a

Langmuir probe (probe 7, see figure 3) located

on the inner target in the SOL and close to the

inner strike point. A nearly linear <ne> increase

from 2 1019 3× −m  to 2 7 1019 3. × −m
 is re-

corded while the radiation fraction γ = Prad/Ptot

increases from ~50 to 60%. With increasing gas

fuelling, Jsat increases and then starts to

decrease. At ~19.4 s (the time marked ‘M’ in
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Figure 5: Time evolution of the volume averaged plasma
density, the total input power, the radiated power and
Jsat from a Langmuir probe close to the inner strike point
for an Ohmic density limit shot in a vertical target con-
figuration. The times marked are for the MARFE limit
(‘M’) and the disruption limit (‘D’).
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figure 3), an X-point MARFE forms (as monitored by the bolometry and by visible spectroscopy

from the top of the machine). The fuelling efficiency is then suddenly increased and the rate of

rise of the density increases. In this phase the plasma is strongly detached from the divertor and

the Jsat decreases dramatically. Shortly after the formation of the X-point MARFE, at ~19.8 s, a

thermal instability is reached in the main plasma and the radiation rises strongly (time ‘D’),

leading to a disruption.

In this section we report on Dα measurements obtained with KT6A in Ohmic and L-mode

density limit discharges. Results from both Mark IIA and Mark IIAP divertor experiments have

been studied but, up to now, no difference in the Dα emission has been observed between these

two divertors.

4.1. Time evolution of Dα emission

We analyse the Dα emission from the ohmic density limit discharge of figure 5 (Pulse 43160).

The magnetic equilibrium of this discharge is shown in figure 3, where it can be seen that chan-

nel 6 intersects the vertical target close to the strike point. The time evolution of the Dα intensity

from tracks 4 to 10 is plotted in figure 6. Except for channel 6, which is near the watershed

between private and SOL regions, the signal intensities for all the other tracks increase almost

linearly with density. At t=19s, 400ms before the onset of the MARFE, the signals from chan-

nels 4, 5 and 6 drop dramatically, while the emission from channels 7 and 8 increases sharply,

indicating a movement of the Dα emission peak further upstream in the inner SOL.

We define Rda as the ratio of the Dα signal from channel 7 to that from channel 6,

Rda I D I D≡ 7 6( ) / ( )α α
. Rda is plotted in figure 7 together with the degree of detachment,
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DoD n Je sat∝ 2 / , defined using the measured ion saturation current [3]. It is worth noting that in

spite of the fact that these two calculations are totally independent, they both exhibit a similar

time evolution. This is despite the fact that the Rda is based on integrated measurements over the

channel length, while the Langmuir probes deliver local data. The DoD increases sharply about

250 ms after the sharp increase in Rda. Therefore, the Rda can be foreseen as a useful tool for

the characterisation of the detachment, complementary to the DoD. Both DoD and Rda are

potential candidates for being adapted into a feedback system for detachment control in real

time during pulses.

In horizontal target discharges, one could redefine Rda as the Dα ratio between channels 4

and 5, Rda I D I D≡ 4 5( ) / ( )α α . While these ratios are not optimised for these measurements

due to the poor time resolution of the diagnostic (100 ms), this could be improved significantly

by using a photomultiplier-based detection system.

4.2. Spatial location of the Dα emission peak

Due to the strong dependence of the total magnetic field strength on major radius, R, it is possi-

ble to determine the spatial location, in terms of an emission-weighted average R, of the Dα
emission from the Zeeman splitting of the spectrum. With the precision possible in our fitting

procedure and since the divertor periscopes view approximately perpendicular to major radius,

it is possible to localise this average position of emission to   ±2.5 cm . Knowledge of the loca-

tion of the emission provides information on the energy distribution of the atoms, as will be

shown in the next section.

Figure 8 shows the average major radius

of the Dα emission as a function of plasma den-

sity for pulse 43160. For n me < × −2 6 1019 3. ,

the radius of emission from all channels in the

main SOL remains constant and close to the

vertical target plate (shown with the dashed line

marked ‘S’ in figure 8), with the exception of

channel 6. In the case of channel 6, which views

the SOL close to the strike point, the radial lo-

cation of Dα emission moves from the target

up the inner leg as the density increases. This

may be associated with detachment beginning

at the strike point and only later spreading out

into the SOL, something which has been pre-

dicted by modelling and confirmed in experi-

ment for vertical target discharges [3].
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point (‘X’).
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At low to moderate densities, channel 5, which views the private plasma region, exhibits a

maximum of Dα emission located at about 2.52 m. It is not clear whether this is due to detach-

ment of the private plasma from the divertor or to an averaging of emission from the inner

private plasma and the outer main SOL. Interestingly, the average emission radius from channel

4 is ~2.42 m, consistent with emission from the corner of the divertor, something which has

been observed in horizontal target discharges [6] but not, until now, in vertical target configura-

tions.

Above a density of 2 6 1019 3. × −m  all the measured emission locations shift quickly to

larger major radius. By the time of the X-point MARFE formation, the Dα emission is indeed

measured to be near the X-point radius (the dashed line marked ‘X’ in figure 8). This is true of

the channels viewing the private plasma as well as of those viewing the inner divertor main

SOL.

Figure 9 shows a cross section of the in-

ner divertor with the location of the maximum

emission for n me = × −1 6 1019 3.  (the begin-

ning of the density ramp, attached plasma

phase) and for 2 7 1019 3. × −m  (just before the

onset of the X-point MARFE, detached plasma

phase). While the plasma is attached, the emis-

sion in the main SOL seems to follow the 1 cm

flux line (as referenced to the outer midplane).

The movement of the region of maximum emis-

sion to the X-point at the time of the MARFE

is also clear.

In addition to the Zeeman splitting meas-

urements, it is possible to deduce the average

major radius of Dα emission using a fast CCD

camera which is mounted at the top of the ma-

chine and looks down vertically on the divertor.

Since the line of sight of this camera is parallel

JG
99

.2
77

/8
c

-1.8

-1.7

-1.6

-1.5

-1.4

-1.3

-1.2

2.2 2.6 2.82.4
Major radius (m)

H
ei

gh
t (

m
)

Pulse No: 43160

Figure 9: Cross section showing the location of the maxi-
mum Dα emission for pulse 43160 at the start of the
density ramp (filled circles) and at the time of the X-
point MARFE formation (open circles).

to the inner vertical target plates, this CCD system is not strongly sensitive to shifts in emission

in plasmas in vertical target geometries. In particular, local detachment of the emission at the

separatrix is usually not observed as the line integral through the main SOL results in the emis-

sion maximum staying close to the target. For this reason, we prefer to compare the two meas-

urements of the location of the Dα emission in a discharge limited on the horizontal divertor

target plates.

The average position of Dα emission, as measured by several channels in KT6A, is shown in

figure 10 for an Ohmic density limit discharge in a horizontal target configuration. Also shown
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is the major radius of the pixel in the vertically

viewing CCD camera which measures the high-

est signal. Up to the formation of the MARFE,

this radius oscillates between the position of

the inner divertor strike point (‘S’) and the po-

sition of the inner corner of the divertor, where

a local maximum of the Dα emission has been

observed previously [6]. At the time of the X-

point MARFE formation, the emission from the

strike point disappears and a peak in emission

at the X-point appears. The intensity of this

peak is initially smaller than the line integral

of the emission from the divertor corner (which

may be strongly weighted due to the long view-

ing length along the vertical target) and the
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mum emission of Dα deduced with Zeeman splitting,
from KT6A, and measured with the CCD camera view-
ing from the top of the machine. Ohmic density limit
shot (#43534) in a horizontal target configuration.

maximum position as measured by the CCD camera only jumps to the X-point about 250 ms

after the MARFE formation.

The position of maximum Dα emission as measured by KT6A is in fair agreement with

the CCD camera. Channel 5 appears to favour the emission from the divertor corner rather than

the strike point. This is consistent with this strike point emission being located very close to the

horizontal target and thus out of the field of view of channel 5. As the view of KT6A moves

further out into the main SOL (channels 6-8), the position of the maximum Dα emission gradu-

ally increases. In the attached phase of the discharge, the maximum emission in the main SOL

thus again roughly follows the 1 cm magnetic flux contour. A significant increase in the radius of

emission measured in channels 5 and 6 is seen before the X-point MARFE onset. Indeed, de-

tachment in horizontal target configurations has been observed to begin in the divertor corner

[6]. Such a shift is not observed in channels 7 and 8. Since these channels view above the X-

point in horizontal configurations, they may well be not greatly affected by divertor detachment.

The greatest difficulty with the comparison given in figure 10 is the behaviour of channel

4 of KT6A. While the measured emission maximum begins near the strike point, this position

jumps to unphysically low major radii at the time of the onset of detachment in the divertor

corner. This behaviour is not understood.

4.3. Measurement of the neutral atom energies in density limit discharges

From the full width half maximum (FWHM) of the narrow (Franck Condon) and the broad

(charge exchange and reflected) components of the Dα spectrum, it is possible to estimate the

energy distribution of the deuterium neutrals. Assuming that the energy distribution of the atoms

is Maxwellian, fitting the spectrum with a gaussion allows to write:
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e e mv kT− − −=( )λ λ σ0
2 2 22 2 , (5)

where λ is the wavelength of the spectrum, λo is the central wavelength,

σ = FWHM
2 2 2ln( ) , (6)

m is the mass of the ion, v the component of the ion velocity along the line of sight, k is the

Boltzmann constant and T the temperature.

From (5) and (6), the energy of the atoms is derived:

T eV m amu
FWHM

[ ] . [ ]= ×






1 679 108

0

2

λ . (7)

The fitting uncertainties in the deduced energies are found to depend on the strength of the

signal. For channels with good signal strength (near the strike point), the uncertainty in the

energy of the cold component of the neutrals is 6%, dropping to 4% at higher density. The

uncertainty in the width of the broad component is larger, dropping from 40% to 20% as the

density is increased.

The energy of the slow atoms (derived from the narrow component fit) is shown as a

function of the volume averaged plasma density in figure 11 for the vertical target Ohmic den-

sity limit pulse. The energy varies from channel to channel, suggesting that different emission

mechanisms are important in different parts of the divertor plasma. The lowest neutral energy is

measured in channels 5 and 6 which are the two views closest to the inner divertor strike point

and correspond to the position where detachment begins. In all channels the average energy of

the slow atoms decreases gradually as the density increases until, just before the X-point MARFE

formation, the energy of emission in all

channels drops to 1 eV. This is in contrast to

recent results from JT-60U [4], where the width

of the cold component is seen to increase with

increasing density. There being no full

collisional radiative model which includes

deuterium atoms, molecules and molecular

ions, it is difficult to know what is the cause of

this difference.

The ion temperature deduced from the

broad component (charge exchange + reflec-

tion) is shown in figure 12 as a function of the

volume averaged plasma density for the same

Ohmic density limit pulse. In the SOL  (chan-

nels 7 and 8) as well as in the private region

1

2

3

1
Volume averaged density (1019 m-3)

3

JG
99

.2
81

/2
c

2

Pulse No: 43160
Channel 4 
Channel 5 
Channel 6 
Channel 7
Channel 8 

C
ol

d 
co

m
po

ne
nt

 e
ne

rg
y 

(e
V

)

M

Figure 11: Deuterium atom energy derived from the
narrow component of the Dα spectrum as a function of
volume averaged core density for a vertical target, Ohmic
density limit pulse.
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Figure 12: Ion temperature derived from the broad com-
ponent of the Dα spectrum as a function of volume av-
eraged core density for a vertical target, Ohmic density
limit pulse.

(channel 5), there is nearly nochange in the de-

duced ion temperature as the density is in-

creased. For channel 6, which views close to

the inner strike point, the ion temperature de-

creases from about 40 eV at low density to

15 eV just before the MARFE formation. As

with the average position of the emission (fig-

ure 8), the initial detachment appears to be lo-

calised close to the divertor strike point.

For comparison, an L-mode density limit

shot (pulse 43161) in the same configuration

as the Ohmic density limit shot has been ana-

lysed. In the L-mode pulse, the input power

was increased from 1.4 to 2.8 MW using neu-

tral beam injection. The density limit (at the MARFE) was found to increase from 2 7.  to

3 3 1019 3. × −m . The radiating power fraction during the density rise up to the MARFE remains

close to 50%.
Figure 13 shows the emission-averaged

radial position of the Dα emission as a func-

tion of the plasma density. As in the Ohmic

pulse, the emission location moves from the

vertical target to the X-point radius as the den-

sity is raised to the MARFE limit. In contrast

to the Ohmic pulse where only the line of sight

viewing the X-point exhibited any significant

detachment at moderate densities, several of

the viewing chords in both the private plasma

and in the main SOL observe a gradual shift in

the emission to larger radii as the density is

increased. We thus conclude that detachment

is somewhat less localised in L-mode pulses,

perhaps due to the increased power flow down

the SOL.
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Figure 13: Location of the maxima of Dα emission for
tracks 4 to 8 of the divertor periscope as a function of
the volume averaged plasma density for an L-mode den-
sity limit pulse. The density corresponding to MARFE
formation (‘M’) is shown as are the major radii of the
strike point (‘S’) and the X-point (‘X’).

The atom and ion temperatures deduced from the narrow and broad components of the Dα
spectra are shown for the L-mode pulse in figures 14 and 15. Both the trend and the absolute

values of the energy of the cold atoms are very similar to those observed in the Ohmic discharge

(figure 11). In contrast, it appears that the ion temperature in the SOL is actually lower in the

L-mode pulse as compared to the Ohmic pulse (figure 12).
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Figure 14: Deuterium atom energy derived from the
narrow component of the Dα spectrum as a function of
volume averaged core density for a vertical target, L-
mode density limit pulse.
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Figure 15: Ion temperature derived from the broad
component of the Dα spectrum as a function of volume
averaged core density for a vertical target, L-mode
density limit pulse.

There is clearly a problem with the fit to the ion temperature of channel 4 at low densities.

The fitting routine produces uncertainties which are larger than the deduced temperature for

these fits and the values cannot thus be trusted. At higher densities (above 2 8 1019 3. × −m ), the

fit converges to much lower temperatures (~5 eV), very similar to those found in the other

channel which views the private plasma.

It is interesting to the compare the deduced ion temperatures to the electron temperatures

measured by the target Langmuir probes. The electron temperatures and densities derived from

several probes near the strike point of the Ohmic density limit pulse are shown in figure 16. The

two probes closest to the strike point are probes

7 and 8 and they can be compared to channel 6

of KT6A. The most noticeable feature of the

two measurements is that the ion temperature

is significantly greater than the electron tem-

perature at low to moderate densities. This is

consistent with upstream ion temperature meas-

urements made with a retarding field analyser

[7,8] which also found T TI e> . Indeed, the

decrease of ion temperature with increasing

density may be due to increased ion-electron

equipartition power as the density is raised. At

the density just before the MARFE, both the

electron and ion temperatures near the

separatrix are measured to be 15 eV. The elec-

tron and ion temperatures in the private plasma
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Figure 16: Time evolution of electron temperature and
the electron density on the inner vertical target meas-
ured with Langmuir probes. The data are for an Ohmic
density limit pulse.
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are measured to be approximately equal at ~5 eV and do not vary significantly with density.

Much larger ion than electron temperatures are deduced in the main SOL but this is to be ex-

pected since the Dα emission in these KT6A channels was found to be coming from a region

significantly upstream of the targets (figure 9).

5. COMPARISON TO DIVERTOR MODELS

The measured Dα spectral shapes have been compared to the results of our divertor modelling

codes. These preliminary comparisons are based on the results of existing modelling of Ohmic

and L-mode density limit discharges [9].

The divertor modelling presented in this report was performed using the EDGE2D two

dimensional fluid code [10] which incorporates the NIMBUS Monte Carlo neutral package

[11]. The assumptions used in the simulations and their uncertanties are described in [9]. NIM-

BUS has been modified to calculate and output the first and second moments of the neutral

velocity distribution for each cell in the computational grid. The moments are also available

separately for neutrals following charge exchange events and for reflected and Franck-Condon

neutrals before they have undergone any charge exchange reactions. These moments, which are

available in all three dimensions, are used in a postprocessor code to calculate the Dα spectrum

viewed along a particular line of sight. Currently, the postprocessor assumes that the viewing

line is in the poloidal plane although extension

to viewing lines with a toroidal component is

possible. Emission following dissociative ex-

citation of D2 molecules is currently not in-

cluded in the model. This has been shown to

be important in JT-60U [4] and inclusion of this

process in our model is being considered.

The simulated Dα spectrum for track 6

of KT6A is shown in figure 17. For this simu-

lation, the geometry of the line of sight was

approximated by a straight line in the poloidal

plane. This is not thought to introduce signifi-

cant errors into the calculation since KT6A

views almost completely poloidally across the

divertor (see figure 3). Other limitations include

the lack of an instrument function in the simu-

lation, no emission from neutrals during recom-

bination and no account for the width of the

viewing line. The lack of an instrument

function will lead to a mismatch between
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Figure 17: Simulated spectrum for Dα emission along
track 6 of KT6A. The simulation is for an Ohmic density

limit pulse with separatrix density of 1.5 1019× −m 3

and should be comparable to the measured spectrum in
figure 2. The simulated spectrum is divided into contri-
butions from cold (Franck-Condon) neutrals, from re-
flected atoms and from neutrals which have undergone
at least one charge exchange reaction. Emission from
neutrals during free electron recombination is not yet
included in the spectrum.
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simulation and measurement for very low temperatures (the instrument function is equivalent to

0.6 eV for Dα). The simulation on which the spectrum in figure 17 is based is for an Ohmic

density limit pulse with a high separatrix plasma density plasma, n msep = × −1 5 1019 3. , which

is thought to correspond to a volume averaged density of about < >= × −n m2 5 1019 3. , i.e. near

the MARFE density limit.

The simulated spectrum in figure 17 can be compared to the measured spectrum shown in

figure 2. The most noticeable difference between the two spectra is the relative intensity of the

warm to cold components. The warm components in the spectrum are very small, too small to be

shown in figure 2. The simulation, on the other hand, predicts a warm charge exchange compo-

nent which dominates the spectrum. One of the conclusions found in [4] and [9] was that there

was a serious discrepancy between the model and experiment for deuterium emission. The com-

parison between figures 2 and 17 shows that this discrepancy applies also to deuterium line

shapes. This is an area where further work is needed. It is hoped that the measurements pre-

sented here will help to identify and resolve the problems in the neutral transport model.

6. CONCLUSIONS AND PERSPECTIVES

The spectral shape of the Dα emission from the JET divertor has been investigated using the

KT6A divertor periscope. Useful information has been obtained on neutral density and energy

distributions. The results are shown to be sensitive to the alignment of the periscope in the

machine. An in situ technique for measuring this alignment, using pulses originally designed for

calibrating the divertor Langmuir probes, has been demonstrated. The periscope alignment is

found to be slightly shifted relative to its design value but to be stable over a long period of

plasma operation.

The ratio of the Dα intensities from adjacent viewing channels of KT6A has been shown

to be a sensitive monitor of divertor detachment. Simple modifications of the detection instru-

mentation which could make this monitor available in real time to the plasma operator have

been proposed.

The average position of the Dα emission along the KT6A lines of sight has been deduced

from the Zeeman splitting. This provides unique information of the spatial distribution of neutrals

in the divertor. The neutrals are seen to progressively move from the target towards the X-point

as the plasma density increases and the divertor plasma detaches.

The energy distribution of the neutrals in the divertor has also been studied. The neutrals

naturally divide into ‘cold’ and ‘warm’ components corresponding to Franck-Condon neutrals

and reflected or charge exchanged neutrals, respectively. The average energy of the cold neutrals

is seen to change as the density is increased, suggesting that the main production path of these

neutrals is changing with the divertor conditions. This is similar to results reported by JT-60U

[4]. The energy of the warm component also changes as the plasma density is increased and may
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provide information on the ion temperature in the divertor. Detailed modelling to separate re-

flected and charge exchanged neutrals is required to confirm this hypothesis.

The fitting routine used in this study is an old version of a code which was designed for

separating hydrogen isotopes in the Dα spectrum rather than for detailed study of the shape of

the warm component. This has meant placing non-physical restrictions on the fit parameters

(see Appendix A). Future work will include generalising the routines so that only physically

meaningful constraints are applied to the fit.

Measured neutral density and energy profiles place a severe constraint on divertor model-

ling. A first comparison between measurement and model shows significant discrepancies. In

particular, the model appears to greatly overestimate the emission from warm neutrals which

have experienced at least one charge exchange reaction. Improving the neutral transport models

in our codes is clearly necessary. Consideration is being given to better molecular modelling and

to the influence of non-Maxwellian electron distribution functions in the divertor plasma.
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APPENDIX A: TECHNICAL DETAILS OF THE SPECTRUM FITTING

A least squares multi-gaussion fitting program was used to fit the spectrometer data.

The load module, JETSTP.KS3B.LOAD(FITZEM), was run from the CLIST

JETLOA.LIB.CLIST(FITZEM).

The two main data input files were JETLOA.KS3B.DATA(SETUP94) and (ESTIMAT).

SETUP94 informed the program which spectra from which CCD camera were to be fitted, and

whether the program should generate a public or private PPF (or neither). ESTIMAT defined the

number of gaussions to be fitted, and provided the first estimates of all the parameters (intensity,

line-centre position, line-width) for the minimisation routines and defined any linking between

parameters (i.e. forcing common linewidths or relative intensities or positions). In order for the

least-squares minimisation in FITZEM to converge quickly, the number of free parameters should

be reduced, where possible, by linking them to others. Any parameter, P(x), could be linked to

any other by the formula

P(x) = P(y)*FACTOR + OFFSET. (A.1)

The ESTIMAT file also defined the pixel range to be used by the fitting program, and the

switches that turned on the Zeeman splitting (and isotope shift, if H and D are fitted) features.

FITZEM is a development (by M. Stamp) of the original FITNG (due to W. Mandl). It was

designed to fit Zeeman-split spectra from a mixture of hydrogen and deuterium. Due to restric-

tions on the number of gaussions in the code, only one ‘warm’ component, but a full three ‘cold’

components are fitted, for each species. Hence the first 3 gaussions (as defined in ESTIMAT)

are assumed to be the Zeeman split ‘cold’ deuterium components, while the 4th is the ‘warm’

deuterium component. Similarly, gaussians 5 to 7 are the Zeeman split ‘cold’ hydrogen compo-

nents, whilst the 8th is the ‘warm’ hydrogen component. FITZEM assumes that the first gaussian

(defined in ESTIMAT) is the π-component of deuterium, and gaussians 2 and 3 the σ- and σ+

components, whilst gaussians 5,6,7 are the hydrogen π, σ- and σ+ components, respectively.

The minimisation routines in FITZEM utilise Eq. A.1 to maintain the linking of param-

eters during the least squares fitting. If the ZSPLIT parameter (representing the deuterium Zee-

man splitting, in pixels) in the ESTIMAT data file is non-zero, then the Zeeman splitting pattern

is imposed on the hydrogen and deuterium π, σ- and σ+ components by the formula

P(x) = P(y) + (Z1)*ZSPLIT + ISOTOPE_SHIFT (A.2)

where P(y) is the line position of the cold deuterium π component and Z1 and ISOTOPE_SHIFT

are defined according to:

1Z TFIHS_EPOTOSI

muiretued σ– tnenopmocdloc 1- 0

muiretued σ+ tnenopmocdloc 1+ 0

negordyh σ– tnenopmocdloc 1- )B3SKrof(5.61+

negordyh σ+ tnenopmocdloc 1+ )B3SKrof(5.61+
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If ZSPLIT=0 in ESTIMAT, Eq. A.2 is still used but ZSPLIT is calculated from the mag-

netic field PPF, MAGN/BVAC, for the first spectrum to be fitted. For subsequent spectra ZSPLIT

is calculated from the fitted π to σ- splitting from the previous spectrum (i.e. difference in posi-

tions of gaussians 1 and 2).

Note that if ISOTOPE_SHIFT = 0 in the ESTIMAT input file, then Eq. A.2 is NOT ap-

plied.

The KS3B PPF generated by FITZEM produces many nodes, with the assumption that D

and H spectra are being fitted (3 cold + 1 warm of each). However, the flexibility of the data

input files (namely ESTIMAT), means that the code can easily be run for 3 cold and 3 warm

deuterium components, and no hydrogen. In this case, some of the PPF nodes, such as KS3B/

HTHD, the H to H+D ratio, will be nonsense.

Appendix B lists the ESTIMAT file used for the data in this report. Hydrogen fractions

were very low in #43160 and #43161, so hydrogen is not fitted (ISOTOPE_SHIFT = 0), and

there are 6 gaussians defined: 3 cold and 3 warm deuterium components.

The intensity, position and width of the first gaussian (π-component of D) are all free

parameters in the fits. Gaussions 2 and 3 are forced to have the same FWHM as gaussian 1 (i.e.

they all have the same ‘cold’ temperature). The position of gaussian 3 is offset from gaussian 1

by a fixed 5.9 pixels (an average π to σ+ Zeeman splitting), though the position of gaussian 2 is

a free parameter (remember that the splitting between gaussians 1 and 2 is interpreted by FITZEM

as ZSPLIT, so the PPF node KS3B/ZEEM [the magnetic field deduced from ZSPLIT] is still

meaningful). Note that gaussians 2 and 3 are not forced to have equal intensities (or half the

intensity of gaussian 1), so these intensity ratios can be used to check the ‘goodness’ of the fits.

Gaussian 4 is the warm π-component. Its intensity and width are free parameters, but its position

is fixed exactly (NB no offset) to gaussian 1. Gaussians 5 and 6 are defined totally in terms of the

others. Their intensities are set to half that of gaussian 4, and the widths set equal to that of

gaussian 4. Their positions are set equal to that of gaussian 1 (=4), with fixed offsets of ±5.9

pixels (i.e. they are assumed to have a FIXED Zeeman pattern).

A fitted KT6 spectrum (#43160, track 6, frame 97, t=57.95s) is shown in fig. 2, where the

individual π, σ components are plotted at half intensity. Note the goodness of the fit, and the low

relative intensity of the warm components.

KS3B spectra taken with a suitably orientated linear polariser show just the π-component.

These spectra are clearly asymmetric, with a tail on the short wavelength side. They can still be

reasonably well fitted (with similar program FITHDT) with two gaussians provided that the

warm component can have a different central wavelength from the cold component (fig. 1, #43160,

track 4, frame 151, t=54.67s). Note that the fit is worse in the line-wings, and the higher relative

intensity of the warm component. This KS3B spectrum was from a near-vertical view close to

the inner strike point.
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Any further work in this field should be preceded by modifications to the FITZEM code.

An option for single isotope fitting should be included, and implemented to expect 3 cold and 3

warm gaussian components. There should be proper treatment of the Zeeman splitting (Eq. A.2),

and the ESTIMAT file should be modified to allow a wavelength shift between the cold and

warm components.
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APPENDIX B: INPUT FILE USED FOR SPECTRUM FITTING:

JETLOA.KS3B.DATA(ESTIMAT)

)593(AHPLA-HDNA<<<<<AHPLA-D>>>>>GNTIFMARGORPT8.2SETAMITSE

0756

0.5 )1(PDNUORGKCAB—<

6 SNAISSUAGFOREBMUN—<

1 30+E00000.9 000.253 000.4 1 1 1 )4,3,2(P

2 30+E00005.4 000.543 000.4 1 1 0 )7,6,5(P

3 30+E00005.4 000.853 000.4 1 0 0 )01,9,8(P

4 30+E00000.3 003.253 000.52 1 0 1 )31,21,11(P

5 30+E00000.3 003.253 000.52 0 0 0

6 30+E00000.3 003.253 000.52 0 0 0

1 0.0 000.0 000.0 0 0 0 )(TESFFO

2 0.0 009.5- 000.0 0 3 4

3 0.0 009.5+ 000.0 0 3 4

4 0.0 000.0 000.0 0 3 0 )(TESFFO

5 0.0 009.5- 000.0 11 3 31

6 0.0 009.5+ 000.0 11 3 31

1 001.1 000.1 000.1 )(SROTCAF

2 000.1 000.1 000.1

3 000.1 000.1 000.1

4 000.1 000.1 000.1

5 005.0 000.1 000.1

6 005.0 000.1 000.1

0.0 0.0 )0=TILPSZFI,TILPSZOTUA(:TFIHSEPOTOSI,TILPSZ

1

033 093 )gnittifehtnidedulcniegnarlexiP(


