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Abstract

Change of H,, intensity profiles depending on magnetic configurations is observed in the
divertor plasma. It can be explained by the magnetic field line structures in the ergodic layer
and the divertor legs. The behavior of neutral particles in the plasma periphery is investigated
by a three-dimensional neutral particle transport simulation code which assumes that the
distribution of the plasma flow onto the divertor plates corresponds to that of the strike points
calculated by magnetic field line traces. Vertical H,, intensity profiles and polarization
resolved H, spectra are calculated by the simulation code including the effect of Doppler
broadening, fine structure splitting and polarization of the H, emission, which agree well
with the measurements in various magnetic configurations. It shows spontaneous formation
of high neutral density in inboard side of the torus, which is independent of the magnetic

configurations in LHD.
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1. Introduction

Control of the influx of neutral particles from the plasma periphery in the magnetic
confinement devices play an important role for achieving the H-mode, the edge thermal
transport barrier and long pulse discharges [1,2]. The closed divertor configuration is one of
the promising measures to achieve efficient particle control and reduction of the heat load on
divertor plates by divertor detachment. Understanding of the behavior of neutral particles in
the plasma periphery is an essential issue for designing the closed divertor.

Study on the closed divertor is one of the urgent tasks for the large helical device (LHD)
which is the largest heliotron-type superconducting machine with //m=2/10, where / and m
are the poloidal and toroidal mode numbers of helical coils, respectively [3]. One of the
characteristics of LHD plasmas is the existence of an ergodic layer surrounding the last
closed flux surface (LCFS) with four divertor legs where the magnetic field lines directly
connect to divertor plates with short connection length (~2m). The position of the magnetic
axis (R,y) can be changed by controlling poloidal coil currents, which also changes magnetic
field line structures in the ergodic layer and the divertor legs.

Neutral particles in the plasma periphery have been measured with H, emission detectors
and a H,, filtered CCD camera. Change of the H,, intensity profile depending on the position
of the magnetic axis was observed. The behavior of neutral particles in various magnetic
configurations is investigated with a 3-d neutral particle transport simulation code (EIRENE)
with newly considering Doppler effect, the fine structure of H,, line (Zeeman effect) and
polarization of the emission, which proposes a promising closed divertor configuration for

LHD plasmas.

2. H, intensity profiles and the distribution of the strike points
Figure 1 shows the experimental setup of diagnostic systems for neutral particle

measurement. H, intensity profiles have been observed with a tangentially viewing CCD
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camera (H,, filtered) located on an outer port (3-O) for monitoring divertor plates and
divertor legs near a lower port (2.5-L) [4]. Figure 1 (a) illustrates the pictorial view of the
peripheral plasma from the camera position. The intensity profile of H, emission has been
measured with an absolutely calibrated 10ch vertical detector array at an outer port (1-O),
where the cross section of the plasma is horizontally elongated as shown in Figure 1 (b) and
(c). The H,, spectra are measured with polarization separation optics (PSO) which can resolve
the spectra into two orthogonally polarized components. The separated lights (e-ray and
o-ray) are transmitted to a spectrometer. The location and intensity of the emission along the
line of sight are identified by analyzing the spectra by the least-squares fitting [5].

Figure 2 (a) is the images of a H, intensity profile in two different magnetic
configurations (R,=3.60 and 3.75m). The change of the intensity profile depending on the
magnetic configurations is observable, showing unbalanced H,, intensity on the divertor legs.
Figure 2 (b) shows the colored contour plots of strike point density on the poloidal and
toroidal plane. The strike points are calculated by magnetic field line traces from the LCFS.
The bright divertor leg in the two magnetic configurations corresponds to the leg connecting
to outer and inner divertor plates at a toroidal angle of ¢=18°, respectively (see Figure 2 (c)).
The measured temperature and density of the divertor leg are about 30eV and several 10"
m”, respectively, which indicates that these plasma parameters are in an ionizing phase for
hydrogen neutrals. Thus, the H, intensity increases with neutral density on the divertor leg.
Near the region where the strike points are concentrated, the neutral density should be high
by strong hydrogen recycling due to the plasma flow along the magnetic field lines.
Accordingly, change of the intensity profiles can be explained by the distribution of the strike

points depending on the magnetic configurations.

3. Spatial profiles of neutral density in three magnetic configurations



Three-dimensional profiles of neutral density are calculated by a Monte Carlo neutral
particle transport simulation code (EIRENE) [6]. The poloidal and toroidal distribution of the
plasma flow onto the divertor plates is assumed to be that of the strike points. This
assumption is supported by the H,, intensity profiles and measurements of divertor plate
temperatures [7]. Figure 3 (a) gives the toroidal distribution of the strike point density in
three magnetic configurations (R,,=3.50, 3.65 and 3.75m). Red solid lines and blue broken
lines mean the strike point density at the poloidal positions shown as red and blue circles in
Figure 2 (c), respectively. The strike points are distributed around outboard, inboard and
uppetr/lower side of the tours in the three magnetic configurations, respectively. The behavior
of the reflected hydrogen atoms from the strike points is determined on the bases of the
database calculated by the TRIM code [8]. Non-reflected neutrals are treated as released
molecules with the velocity corresponding to the room temperature (300K).

The cross-sections of the calculated H,, emission profile on the plane of the line of sight
of the detectors are described in Figure 3(b), which show higher emission at the inboard side
in all the magnetic configurations. The emission is calculated by using the measured plasma
parameter profiles (the temperature and density in the plasma periphery (ergodic layer) are
about 200eV and 0.5~2.0x10" m~, respectively). Red closed circles in Figure 4 (a) are the
vertical profile of the H, intensity obtained by integrating the calculated emission along the
line of sight. The emission is derived by a collisional-radiative model of hydrogen [9]. Green
squares indicate the measured H,, intensity profiles. The calculations quite agree with the
measurements in all the magnetic configurations.

Polarization resolved spectra are also measured in these magnetic configurations. The
calculations of the spectra (e-ray and o-ray) are derived from the velocity of neutral particles
calculated by the neutral transport simulation code with newly considering the following
three effects:

1. Doppler broadening due to the velocity of neutral hydrogen [10],
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2. fine structure splitting of H,, line spectrum by the Zeeman effect [5],

3. polarization of H, emission by the effect of the magnetic field.

The instrumental function of the detectors, the magnetic field, and the polarization angle ()
of the PSOs are also considered. Figure 4 (b) gives the measurements and calculations of the
spectra in the three magnetic configurations, which shows agreement between them within
the experimental error (the error of the intensity ratio of the two rays is ~ 20%). The
measured narrow peak of the o-ray (1~656.24nm) for R,,=3.50m is likely to be reflected light
from the vacuum vessel because of the unbalanced intensity of the two rays [11]. The reason
for the slight difference in a short wavelength side of the spectra can be attributed to
overestimated backscattered particles predicted by TRIM code which assumes no
contaminated layer on the target surface. The neutral transport simulation can reproduce the
measurements of the H,, vertical intensity profile and the polarization resolved spectra, which
verify the high neutral density in the inboard side of the torus in spite of the different
distribution of the gas source depending on the magnetic configurations (see Figure 3 (a)).
The reason for the high neutral density can be explained by the three-dimensionally
complicated shape of the vacuum vessel in which the divertor region in the inboard side
locates in narrow space between the two helical coils.

Figure 5 shows the four poloidal cross sections of the calculated density profile of neutral
hydrogen molecules for R,,=3.75m, which clearly shows relatively high molecular density
(~8.0x10'° m™) in the inboard side of the torus. The density is consistent with that estimated
from the neutral gas pressure measured with a fast ion gauge in this experimental condition
(ne~3x10" m™, no pellets), which is about one order of magnitude lower than that for
efficient particle control. It strongly suggests that the closed divertor configuration in the
inboard side is a promising and realistic measure to raise neutral density in the divertor

region with keeping the field of view from plasma diagnostics installed in outer ports.



4. Conclusions

Change of the H,, intensity profiles depending on the magnetic configurations can be
explained by the magnetic field line structure in the plasma periphery. Three-dimensional
neutral density profiles are calculated by the simulation code on the assumption that the
distributions of the plasma flow to the divertor plates correspond to that of the strike points.
The simulation code including Doppler broadening, fine structure splitting and polarization
of the H,, emission gives the reasonable agreement between the calculations and the
measurements (vertical H,, intensity profiles and polarization resolved spectra). It clearly
shows formation of high neutral density in inboard side of the torus which is independent of

magnetic configurations.
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Figure captions

Fig. 1. (a) Bird’s eye view of the LHD vacuum vessel with the pictorial view of the divertor
region from the camera position, (b) cross-sectional view of the vacuum vessel with
diagnostic systems for measuring neutral hydrogen in the plasma periphery, and (c) map of
the magnetic surfaces and the magnetic field on the poloidal surface of the line of sight of a

H,, detector array.

Fig. 2. (a) Observed H,, intensity profiles in magnetic configurations (R,=3.60m and 3.75m),
(b) colored contour plots of strike point density on the poloidal and toroidal plane, (c)
poloidal cross-sections of the vacuum vessel at five different toroidal angles. Blue and red

circles indicate the position of the strike points of two divertor legs.

Fig. 3. (a) Toroidal distribution of strike point density in three magnetic configurations
(Rx=3.50, 3.65 and 3.75m), (b) calculations of the H, emission profile on the poloidal plane

of the line of sight of the detectors in the three magnetic configurations.

Fig. 4. (a) Vertical H,, intensity profiles obtained by integrating the calculated emission along
the line of sight of the detectors (red circles) and measurements (green squares), (b)
measurements and calculations of the polarization resolved H,, spectra (e-ray and o-ray) in

three magnetic configurations (R,,=3.50, 3.65 and 3.75m).



Fig. 5. Poloidal cross sections of the calculated density profile of neutral hydrogen molecules

in a magnetic configuration (R,=3.75m) at four different toroidal angles.



Figures

| 1-O Port

Line of sight of the

10ch array of H,,

detectors

\(’;z " 2-O Port
2y

% Divertor plates

H, filtered camera
for monitoring

divertor plates
ql
A v

z _ErgodicEELozsm

layer

Fig. 1

10



10 15 20 25 (AU.)

-150-100 -50 0 50 100 150
0 (deg.)

Fig.2

11



—
[V
~

[ TS

R,,=3.65m R,=3.75m

Density (A.U.)

o o et o e, 0 o
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
¢ (deg.) ¢ (deg.) ¢ (deg.)
(b) R,=3.50m R,,=3.65m R,=3.75m & (AU)

Fig. 3

12



(a)_ R, 350m R,,=3.65m R, 375m

‘ 35 15 ‘ : ‘ ‘ 200 6
. 1400
° Calculatlon X ® Calculation ° Calculatlon
130 st 1350 o~
~ 150 . N
: 125 > T30 &
=k 10} It “ s+ O
< 7/ 120 e om g o e 250
.. RO B
N~ _ [ e 1100 3F . e i
— u o R o2 < 200 "5
< 15 -3 % % - ° o %eq o
S5 B 5 S TR 2 e T
£ SR L1 S ATE e B b e FE &
— Fous m °c Hep.s H 150 H S e, M {100 ® 3
L ofeady &0 [ - JRes o s O
eofoeeg < N, ° - 1+ . jan)
1° . ‘oo 150 -
.
0k L L L 0 0 ese I L . L . 0 0 loe® . . | L | 0
60 40 20 0 20 40 60 60 40 20 0 20 40 60 60 -40 20 0 20 40 60
Z (cm) Z (cm) Z (cm)
(b) R,=3.90m R, =3.65m R.,=3.75m
& 160 ‘ ‘ ‘ 600 ;
g 140} —e-ray LOS4:7=0.182m | 50| —e- ray | LOS5:Z=0.104m | 2000 —e-ray LOS3 : 2=0.286m |
L2 1200 —o-ray a=40.7° 1 . ——o-ray =455 —o-ray =36.7°
3 100 - | 400 11500 - 1
- 0| Measurement 1 500 il
= 1000 - .
60 - T 200 1
o
g 40b 1 500 - 1
_F 0 . 0= _‘ . 0 p
655.8 656 656.2 656.4 656.6 655.8 656 656.2 656.4 656.6 655.8 656 656.2 656.4 656.6
2.0 T T T 2.0 T E T 14 T
~ ° e-ray LOS4 : Z=0.182m ° e-ray LOS5 : Z=0.104m 1L ° e-ray LOSS Z-0 286m -
:D' 15| ® o-ray «=40.7° 1 15- * o-ray a=45.5° E - * o-ray 0=36.7° |
< ,,L Calculation I ] st 1
—_ ., 6F & q
3 051 20 o 1 05+ B ar o° 1
= o Vos 20 L -
- 0 0aee®" bt J 0 L L 0 presce® L | remetosiee
6558 656 6562 656.4 6566 6358 656 6562 656.4 6566 6558 6356 6562 656.4 656.6
A (nm) A (i) A (nm)

13



R,=3.75m
n,, (10"9cm3)

l 8.0
| 7.0

$=0° =1 O: -

6.0
50

¢ 40
}L 3.0

20

Fig.5

14




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


