JET-CP(98)03

Interpretative Modelling of JET’s
Thermal Helium Diagnostic

Y Andrew’, S J Davies, D EldérL D Horton, G F Matthews,
A Meigs, P D Morgan, M O'Mullane M Stamp, R Prentice,
P C Stangeby

JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA,
YImperial College of Science, Technology and Medicine, London, SW7 2BZ, UK.
% and Institute for Aerospace Studies, University of Toronto, Toronto, Canada.
% and University of Strathclyde, Glasgow, G4 ONG, UK.

23



“This document is intended for publication in the open literature. It is made
available on the understanding that it may not be further circulated and
extracts may not be published prior to publication of the original, without the
consent of the Publications Officer, JET Joint Undertaking, Abingdon, Oxon,
OX14 3EA, UK".

“Enquiries about Copyright and reproduction should be addressed to the
Publications Officer, JET Joint Undertaking, Abingdon, Oxon, OX14 3EA”.




ABSTRACT

Electron density, &/ and temperature .Tin the Mklla divertor have been measured using neu-

tral helium line ratios. Experimental evidence indicates that the spectroscopic signal for helium
injected from the vertical target is dominated by recycling. When helium is injected from the
horizontal target it is possible to differentiate between injected and recycled spectral sources. To
determine the spatial location of the neutral helium emission, and hence gftheneasure-

ments, an interpretative model has been developed which uses the impurity/neutral codes,
DIVIMP/NIMBUS, the atomic database ADAS and the diagnostic lines of sight. Measurements
and simulations have been performed using the various injection points over a range of target
conditions. Comparisons with other divertor diagnostics, such as the divertor interferometer and
target Langmuir probes are presented.

1. INTRODUCTION

Electron density, 4 and temperature Tcan be deduced from measured neutral helium, He I,
line ratios (667.8 nm/728.3 nm) and (728.3 nm/706.1 nm) respectively, by comparison with
collisional radiative model calculations [1,2]. This paper presents a study of the spatial distribu-
tion of He | emission in the JET divertor plasma and of the validity of the technique under
various plasma conditions. Using He | line intensity measurements, it has been possible to iden-
tify the conditions in which emission from injected or recycled helium sources dominate. To
determine the spatial location of the measugeehd T, an interpretative model has been devel-
oped using 2-D Monte-Carlo codes DIVIMP/NIMBUS [3,4] coupled with the atomic database
ADAS[5]. Comparisons are also made with other divertor diagnostics.

2. EXPERIMENTAL MEASUREMENTS

The intensities of the three He | lines S N
were measured in the JET Mkllaxfce)gsc‘”’e Vemialwewmims h/
divertor using spectrometers which were) Fibre 10 '
aligned to view the helium injection S
nozzles, see Fig. 1, at different toroidal =
locations. Details of the spectromet (é—@ ‘ B
and the periscope viewing system used
to view the base helium injection are
given in [1]. The vertical viewing — L AP o’ NI "%
system measured emission fromthe side: = >>=—— g~ ‘
helium injection. This comprised twelve

vertical lines of sight with a poloidal Fig-1 Viewing arrangement for the thermal helium diagnostic in
fhe JET Mklla outer divertor leg.
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resolution of 0.6cm; and a Czerny-Turner 1m spectrometer with a resolution of 0.074 nm/pixel
over a spectral range of 87 nm at a sampling rate of 100 ms. In addition, an interference filter,
not aligned to the helium injection nozzles, made measurements of the intensity of the 667.8 nm
He | line in the outer divertor and was used to provide a measure of the recycled signal. The
interference filter has a spectral range of 1.4 nm, a poloidal resolution of 33 cm, a toroidal
resolution of 19 cm, and a sampling rate of 2 ms. Helium was injected at a rate of 7 hfbar | s
typically three seconds through a straight pipe nozzle [1]. Recent measurements [6] show this
nozzle to have a divergence of ~F2NVHM.

2.1 Ohmic pulse 39885 with side helium injection

During this ohmic pulse;, reached a constant Pulse No: 39885 2.0MA/2.6T
1.4

value of Xx10"°m™ after the formation of the
X-point, with the strike points being swept over 1.2
the horizontal target with an amplitudeio6 £
cm at 4 Hz. Helium began to be puffed into th%:'
outer divertor from the side nozzle at 13 s an&_ 08
both the aligned vertical viewing spectrometeé 06l
and the interference filter measured an increas‘fe
in the 667.8 nm line intensity at 14 s, as showi 04
in Fig. 2. It was not possible to distinguish the | He injection
injected He | signal from the recycled He | sig-

nal; there was no fall in the He | line intensity ~ °F T 10 15 20 %
measured by the aligned observation system Time (s)

after helium stopped being puffed into thgig.z Hel,A=667.8nm, intensity measured with the ver-
divertor tically viewing spectrometer and with the interference
1\ .

filter, in the ohmic pulse 39885.

Aligned

JG98.210/2¢c

w
o

2.2 Ohmic pulse 37996 with base helium injection

In this vertical target ohmic pulse;, reached a peak of %80 m? at 24 s. Helium was
injected in three, one second gas puffs from the outer base nozzle into the private plasma at 15 s.
Since fibres (1 - 4) of the periscope viewing system were occluded, only fibres 5 - 10 made
measurements in the Mklla divertor plasma. Both the periscope viewing system, aligned to the
base injection, and the interference filter measured an increase in He 1 667.8 nm line intensity at
~16 s. Note that the signal measured by the periscope viewing system fell sharply each time
helium puffing stopped, while the recycled helium emission remained at its peak value, as shown
in Fig. 3. It was also observed that the fall in helium line intensity, became smaller with subse-
guent gas puffs, as the level of recycling increased. In order to quantify the contribution of the
recycled helium emission to the periscope measured signal, both the periscope and interference
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filter measured line intensities, shown in Fig.3, . P“':)e No: 37996 IMAILT

. . . Fibre 8
were normalised to values reached after heliur§ ° £
, . , . 5 Ar P
puffing ended. The interference filter signal Wa§; A FAN /. Fibre 9
. . i 5] 37 ' ., | '../.,,._v../-- \"A__/v-v,,\_./'»/"\'"
used to estimate the contribution of recycled2 ir~_ 7j .  Fibre®
s 2F I

He | emission to the periscope measured sigg:
- - <

nal, by comparing the two normalisedg |

intensities. It was found from these compari< ;
-

[any

sons that the signal measured by the periscorie

viewing system comprised 20 % recycled § 05

helium emission during the early part of thef: )

first puff and180 % during the last. g .
= 12 14 16 18 20 22 24 26;

Time (s
3. INTERPRETATIVE MODELLING Fig.3 He 1,A=667.8 nm, inter(ls)ity measured with (a) the
More precise knowledge of the spatial distrireriscope viewing system and with (b) the interference
bution of the He | spectral emission is essef{te" in the ohmic pulse 37996.
tial for the interpretation of the measurements.
This is achieved through simulations of plasmas using the 2-D Monte-Carlo codes DIVIMP and
NIMBUS. The 2-D hydrogenic plasma was calculated using the Onion Skin Model [3] within
DIVIMP, with target Langmuir probe measurements providing the boundary conditions, assum-
ing the ion temperature, ¥ T, at the target in each case. Converged plasma solutions were
reached after iterating with NIMBUS to obtain hydrogen ionisation distributions. The general
agreement between the calculated and measured diagnostic signals, such as thg pamet D

file, was used to validate the calculated hydrogenic plasma.

3.1 Ohmic pulse 39885 with side helium injection-recycled source

Helium atoms were launched in the simulation from the vertical divertor target, corresponding
to the location of the side injection, with an assumed temperature of 0.04 eV equivalent to the
tile temperature. For the case of recycled helium, the injected atoms continued to be tracked
following their subsequent stages of ionisation. Helium neutrals and ions striking the vessel
walls above the target, were reflected, retaining the same energy as they had before impact. The
divertor target recycling coefficient for helium was set to one. It was assumed that helium ions
hitting the target were neutralised and subsequently returned to the plasma as a result of re-
emission and reflection [7,8]. As an approximation to these two processes, helium particles
arriving at the target were re-released as atoms with temperatures of (a) 0.04 eV and (b) 11 eV
(the average target)Tin two separate cases with the same background plasma.
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Radial profiles of the He | line intensities  ; ,FUseNo=39885 (=15Tsr
measured with the vertically viewing Separainx
spectrometer were compared with radial pro- ;g
files calculated with the model using data as in
[9,10]. Since helium was treated as a recyclin§ 0.6l /
impurity, all results have been normalised tc&
the peak values to allow comparison of the raﬁz 04 /

E VT g
dial profiles. A much closer match to the meas2 /
. . . . D/
ured radial profiles was obtained by allowing ..~
L . . : He I A =728.3nm S
the injected neutral helium to recycle, see Fig.4. — Experiment
——Model

JG98.210/5¢

Using an injected helium source in the simula- ¢ | ‘ ‘ ‘ ‘ ‘ ‘

. . . 276 278 280 282 284 286 2.88
tion, where injected atoms were ignored once Radius (m)

ionised, did not match the experimental prd=ig.4 Comparison of normalised measured and

. . . .. calculated Hel 728.3nm line profiles for the vertically
flles.Apartche reflection coefficient, & 0.5, viewing spectrometer in an ohmic plasma with side
rather than the value calculated from [11,12]njection.

was needed to obtain an improved match with the experimental measurements. The general
agreement between the two was found to be reasonable, as shown in Fiy.=4728.3nm,

with some underestimation by the code of the line intensities in the private plasma. The differ-
ences in this region could be attributed in part to inaccurate modelling of the hydrogenic plasma
[1]. The error bars on the calculated line intensity profile indicate the sensitivity of the simulated

He I line intensity to uncertainties in electron impact excitation rate coefficients [13].
Pulse No: 39885 t=15.7s

Results from the simulation indicate He
| emission to be concentrated in a region very
close to the outer divertor target, for all three
spectral lines. One would expect the measure-
ment of He | line intensity ratios over such a
localised region to give values qfand T, rep-
resentative of the target conditions. In Fig. 5
‘D the values of gland T, derived from the
DIVIMP calculated He I line ratios are com-
pared with the target Langmuir probe meas-
urements (used as input to the code). The close
agreement between the two sets of data, dem-
onstrates the effects of line integration to be
minimal in the simulation, allowing localised

Electron density (10'° m=)

10

— Langmuir probes
0 Helium Diagnostic (Exp.)
® Helium Diagnostic (Calc.)

s \ s

Electron temperature (eV)

JG98.210/6¢

004 0 004 008 012
Distance from outer separatrix along target (m) measurements Oferand -lé to be made. Also

Fig.5 Comparison of experimental and T, profiles shown in Fig.5 are the values qfand T, de-
measured with Langmuir probes at the outer target plate

(straight line) with values derived from measured aniived from experimentally measured He | line
calculated He I line ratios, for the ohmic pulse 39885.
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ratios. Since the simulation reproduces the experimental measurements so well it can be con-
cluded that the experimental values represent target electron density and temperature. The dif-
ference between the Langmuir probe and helium diagnostic measurements in the private plasma
region are expected to be due to an extended helium recycling source and the resulting effects of
line integration.

3.2 Ohmic pulse 37996 with base helium injection-injected source

The ohmic plasma with base helium injection was simulated during the first helium puff, at
which time very similar conditions were measured by the Langmuir probes at the inner and
outer strike points, i.e.cE 10 eV and p= 8x10"*m™. Two simulations were performed using
the same background plasma, to account for He | emission from injected, where the atoms were
only followed until ionisation, and recycled sources. The magnetic geometry was such that the
LOS 5-7 intersected with the separatrix below and close to the X-point, while the LOS 8-10
made measurements above it. It was not possible to constrain the helium simulation using the
measured line intensity profiles in the same way
as described for the vertical viewing system due~ ™" _;_ ¢, ciiment
to uncertainties in the fibre to fibre calibration.éj | ~®~ Caleulation
The matching of the calculated and measureéi
He | line ratios were used as a constraint org
the simulation. Agreement between both setg
of line ratios were found to be within the sen-ﬁ
sitivity of the calculations to uncertainties in S
the atomic data. The,land T, values derived
from the DIVIMP calculated and measured line
ratios, therefore, also agreed to within the sen2 10
sitivity to uncertainties in the atomic data, as§ 5
shown in Fig. 6. The simulation indicates that™ o 5
the region of strongest He | emission was close Fibre number
to the strike point and some distance along tf']zfieq'G Comparison Ofemnd_-l‘:’valu_es derived from ,meas'

. ) ured and calculated Hel line ratios, for the ohmic pulse
separatrix, as demonstrated in [1]. Howevet, g

close to and above the X-point, within the field

Pulse No: 37996 1IMA/AT
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—®— Calculation
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JG98.210/10¢c

of view of the periscope fibres, the calculated He | emission was spatially extended for both
injected and recycled sources. From these results it was concluded that the val@esl G n
measured using He | line ratios close to and above the X-point, in this vertical target configura-
tion, were non-local.
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3.3 H-mode pulse 39990 with recycled helium

This discharge was used to investigate the region of helium diagnostic measurements under high
density, additionally heated, attached conditions. Following the application of 10 MW of NBI at
17 s to this plasmag, increased to a peak value of1®°m™ at 21 s. From 18.5 s onwards
regular ELMs were observed with a frequency®Hz. Helium was injected in the outer SOL
from the side and base nozzles from 15 s to 18 s. During the steady state phase of the H-mode,
helium puffing had ended and recycled He | emission was measured. A time slice was chosen in
between ELMs during a steady state phase of the pulse, wyleas close to its peak value.

For the helium simulation, the injected atoms were allowed to recycle with temperatures
of 0.05 eV, for the thermally re-released helium, and 15 eV, for backscattered helium. \Jsing R
= 0.5 again gave radial helium profiles which compared very well with the vertical viewing
spectrometer, as shown in Fig. 7, for the 667.8 nm line.

Pulse No: 39990 t=20.55s
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Fig.7 Comparison of calculated and measured HeFig.8 Comparison of experimenta} and T, profiles

667.8nm, line profiles for the vertically viewingmeasured with Langmuir probes at the outer target plate

spectrometer in an H-mode discharge. (straight line) with values derived from measured and
calculated He I line ratios, for H-mode pulse 39990.

The simulation shows the He | emission to be most intense and localised close to the strike
point. With increasing (radial and poloidal) distance from the strike point, the region of emission
became spatially extended. Theand T, values shown in Fig. 8 are derived from simulated and
measured He | line ratios for the vertical viewing system. The measured values were reproduced
well by the simulation. Also shown in Fig. 8 are the Langmuir probe measurements, used as
input to the code. Within ~8 cm of the strike pointand T, derived from He | ratios were in
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reasonable agreement with the Langmuir probe measurements. However, with greater radial
distance the helium diagnostic measurements increased with distance from the strike point as a
result of the extended region of He | emission. Measurements of average divantbilimade

above the X-point with the periscope were reproduced by the calculated simulation to within the
sensitivity to uncertainties in the atomic data.

4.0 COMPARISON WITH OTHER DIAGNOSTICS

Comparisons of the helium diagnostic with Langmuir probes have been discussed in Sections
3.1 and 3.3. The only other measurement available in the outer divertor plasma with which to
make comparisons, was the line integrated density measured by the divertor interferometer, see
Fig. 1. An exponential decay length of 13.3 cm at the target was derived from the helium diag-
nostic np measurements at 15.7 s, in the ohmic plasma 39885. This value was used to integrate

over a distance of 27 cm, equivalent to the length of the line of integration of the divertor inter-

. . . -2 ., 89% :
ferometer. The helium diagnostic gave a value ofI03m (*3294) compared with a value of

1.4x10"® m™ (x9%) measured by the divertor interferometer at 15.7 s. The agreement is well
within the errors of both measurements, but does not take into account the variation along the
field lines of measured by the interferometer in the outer SOL. Results from the simulation,
indicate that pdecreases by @0 'm* along the field lines from the target up to the maximum
poloidal height of the interferometer line of integration, and as a result would not have a signifi-
cant effect upon the line integrated density derived from helium diagnostic measurements.

5.0 CONCLUSIONS

It has been found experimentally that measurements made using the side injection/vertical view
arrangement are dominated by recycled He | emission. In the base injection/periscope view
arrangement emission from the injected helium could be decoupled from the background recy-
cled helium emission. An interpretative model using the DIVIMP/NIMBUS 2-D Monte-Carlo
codes has been developed to simulate He | spectral emission from both sources. Results from
the simulation suggest that under ohmic conditions, recycled He | emission is concentrated in a
thin layer across the SOL divertor target. This is consistent with the good agreement found
between values ofand T, derived from the vertical viewing spectrometer and Langmuir probe
measurements. The helium diagnostic showed close agreement with the divertor interferometer,
under ohmic conditions. Simulation of the periscope viewing arrangement indicates the values
of ng and T measured close to and above the X-point were non-local measurements. Under H-
mode conditions the simulations indicate recycled helium to have given rise to localised He |
emission only in the vicinity of the strike point. This was also consistent with comparisons made
with Langmuir probe measurements in which helium line ratios gave significantly higher values
of ng and T at radial distances greater than 8 cm from the separatrix.
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Errors in the atomic data have been identified as a major limitation in the simulation of

helium emission. Improvement in the database will allow more stringent conditions to be placed

on the calculations. Extension of the model to include helium emission under detached plasma
conditions will also be part of future work. In the MklII-GB divertor the helium injection loca-
tions will allow localised measurements close to the X-point to be made.
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