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Polarization resolved H _, spectra from the large helical device:
Emission location, temperature, and inward flux of neutral hydrogen
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Spectral profiles of the Hline emitted from the large helical device plasf@ Motojimaet al,

Phys. Plasmass, 1843 (1999] have been measured with polarization-separation optics and a
high-resolution spectrometer. Besides the underlying high-temperature component, which probably
arises from charge-exchange recombination, the profiles are interpreted as superpositions of Zeeman
profiles for two different magnetic field strengths. The emission locations are thus identified on the
magnetic field map; the emissions are localized in the inner and outer regions just outside the
ergodic layer, and each field-strength contribution to the overall Zeeman profile represents two
radiator temperatures, and inward atom flow velocities in the rangé-e7) X 10° m/s. © 2005
American Institute of Physic§DOI: 10.1063/1.1855323

I. INTRODUCTION same temperature. In some experiments a polarizer has been
used to eliminate ther or 7 components of H line 1%

In the fusion-relevant magnetic confinement devices thédowever, until now no attempt has been made in which the
influx of hydrogen atoms from the periphery region to theH, line is observed with its polarized components resolved
main plasma plays an important role in establishing khe simultaneously in a toroidal device. In the following we re-
mode and the edge thermal transport bafrfelts quantita-  port our polarization resolved observation.
tive estimate is required for the purpose of evaluating the
particle fueling rate and controling the recycling neutrals in
the long pulse discharge operati%‘hlnformation on neutral
atoms has been obtained from spectroscopic measurements The emission from the hydrogen discharge in the LHD
of the ZeemariPaschen—Baglsplit profiles of lines emitted 45 ohserved from one of the spectroscopy ports as shown in
from the divertor or the periphery region in TEXTOR gig 3. The line of sight was in the horizontal plane at a
(TokamakS-ESxperlment for  Technology  Oriented nejghtz=0.026 m, i.e., slightly above the equatorial plane;
Research™ JT—60U(Ja%m atomic energy research institutesee Fig. {a). The cross section of the plasma is elongated in
Tokarnaﬁ-GO Upgrade” ~ Alcator C-Mod, Doublet  the major radius direction. In this machine the magnetic field
HI-D, ™ ASDF%E';U (Axially S%Tometnc Divertor Experi- s determined accurately by the coil currents. The magnetic
ment Upgradg'’*® Tore Suprd,”*® TRIAM-1IM (Torus of  field structure is saddle shaped and the field strength near the
Research Institute for Applied MechanicéRef. 21) for  nelical coil is highest. The parameters of the magnetic field
hydrogen/deuterium, and in LHLarge Helical Devicgfor  vectorB on the line of sight are plotted in Fig.(d-1(d).
helium?? In our earlier measurements on neutral helffm, The maximum magnetic field streng® is 2.69 T atR
the line profiles showed Zeeman structures, and they were3 6 m. The pitch angle® which represents the angle be-
interpreted as a superposition of two Zeeman profiles corregyeen the direction oB and the horizontal plane including
sponding to different strengths and directions of the magnetighe line of sight is shown ir(c). The yaw angle$ which
field on the line of Slght The locations of the He | emission represents the ang|e between the projectioB oh the hori-
were identified on the well established map of the magnetigontal plane and the direction perpendicular to the line of
field to be just outside the region, the so-called “ergodicsight is given in(d). (See Fig. 7 later, top.The B vectors
layer” where the magnetic field line structure is chabtits  point upward in the outer region and downward in the inner
shown in Fig. 1a). Figure 2 shows the fline observed region. In the inner region the yaw angle deviates substan-
under an almost identical condition. It is obvious that a simi-tially from zero as seen ifd). (See also Fig. 3.
lar interpretation is impractical owing to the lack of a dis-  The H, line emission was resolved into two orthogonally
tinctive structure. The smooth profile would be ascribed, apolarized components with the polarization separation optics
least partly, to the smaller Zeeman splitting of Hhan that  (PSQ, which is schematically shown in Fig. 4. The PSO
of the He IN728.1 nm(2!P-3'S) line and the larger Doppler consisted of a polarization separation Glan—Taylor prism,
broadening by a factor of 1.8 if both the species have theind a conventional Glan-Taylor prism, both of which were

made of calcite, followed by a pair of lens couplers. The
¥Electronic mail: ivamae@kues.kyoto-u.ac.jp polarization separation Glan—Taylor prism was designed to

II. EXPERIMENT

1070-664X/2005/12(4)/042501/6/$22.50 12, 042501-1 © 2005 American Institute of Physics

Downloaded 04 Jun 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp


http://dx.doi.org/10.1063/1.1855323

042501-2 lwamae et al.
0 (a)ﬂm 52,0,253/ ' i '
0. \=-
N 'li ,m ‘ ;‘u‘u“ g

L[] "/, foo,s 3

——%
‘«

===

\

0 (degree)

[

|

-30 ' I

-60 [ |

90 : :

TR :
2 F@ e
g)o- | | o
3t | I .
~ 30 |— | —
. L | .
_60_II |IIII|IIIIIIIIIIIIIIIIIIIIIIIII_
20 25 4.0 . 55

R(m)

FIG. 1. (a) Map of the magnetic surfaces and field strength for the configu-

ration of R,,=3.6 m andB,,=2.75 T. TheR andZ axes indicate the major

radial direction and the direction perpendicular to the equatorial plane, re*

spectively. The line aZ=0.026 m indicates the line of sight of the present
polarization separation observation. The large open circles indicate the ldn first order. No appreciable emission lines were found in

cations of the H line emission and their diameters are proportional to the
fitted emission intensities at the inner and outer points. The closed circles

indicate the location of the HeA728.1 nm(2!P-3'S) emission line re-
ported in Ref. 22 for comparison. The diameter ratio betwegnnkénsity
and He | intensity are arbitrargb) The variation of the field strengtkg) the
pitch angled of the magnetic field from the horizontal plane, ab the

yaw angle ¢ between the projection of the magnetic field vector on the

horizontal plane and the perpendicular direction to the line of sight.

transmit the extraordinary rale ray) undeviated, and to re-
flect the ordinary ray(o ray) at 104° with respect to the
incident light ray. The additional Glan—Taylor prism in the
reflected ray eliminated the spurioesay component. Each
of the e ray and theo ray was focused by a lens onto the
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FIG. 3. Top view of 1-O port of the LHD. Dotted line shows the line of
sight into the plasma.

entrance surface of an optical fiber having 400 core di-
ameter. The positions of the entrance surfaces of the optical
fibers were carefully adjusted, and the plasma areas viewed
by the both rays were confirmed to be almost identical; this
was done with the He—Ne laser light. Both lines of sight had
a field of view with 55, 68, and 84 mm diameters at the
outer, central, and inner regions, respectively.

The optical fibers of 12 m length transmitted the light to
a Czerny—Turner-type spectrometéir=1.33 n) equipped
with an 1800 grooves/mm grating. The slit width was 30
um. The linearly polarized components at the input side of
the optical fibers were randomized during the transmission
through the optical fibers. The polarization degree of each
component at the exit side of the optical fibers was less than
0.06. This residual polarization does not affect the result ex-
cept for the apparent relative efficiency of teeaay and
o-ray signals even though our spectrometer has a small dif-
ference for different polarizations.

The linear dispersion was 0.3120 nm/mm\&56.3 nm

the wavelength regions of the second and third orders. Spec-
tra dispersed by the grating were recorded with a charge-
coupled device detectorlCCD: 1024x 1024 of 13 um
square pixels The overall instrumental function was close
to a Gaussian profile with a full width at half maximum
0.0115 nm or 3 pixels. A fast mechanical shutter of a 25 mm
aperture was introduced on the light path in order to avoid

rotatable

FIG. 4. Polarization separation optiBSQ. GTP: Glan—Taylor prism. L:

FIG. 2. An example of H line profiles observed without polarization Lens. OF: optical fiber of 40@m core diameter. SP: Spectrometer. CCD:

separation.

charge-coupled device.
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the smear on CCD images. The exposure time of CCD was Wavelength (nm)

478 ms and the repetition frequency was 2 Hz.

The emission profile was observed during the 40 s staFIG. 6. The profiles ofa) thee-ray component antb) the o-ray component
tionary phase of hydrogen discharges heated by neutral bea‘?@the Hé 't'ﬂe SPeC”aéSt*r‘]m No. 41t 29?t_':"'ed and t‘?peln TJ”C'GS Showl the
L . observed the-ray and theo-ray intensities, respectively. Upper panels are
Injection (NBI,)' The Input power of the NBI was-600 kW. . for an NBI plasma. Lower panels are for the recombining phase after the
The gas-fueling rate was controlled so as to keep the linexg) heating is turned off. Solid curves are the result of the least-squares

averaged electron density to be~1x 10* m™3 and the ion fitting with four sets of Zeeman profiles plus a broad Gaussian profile. Thick
temperature wag, ~ 1.5 keV. curves are the emission from atoms in the outer region. Thin curves are the

e PSO could be rotated around the axis ofthe ine of 13" 107 ST 1 e e s9en Doren s e s o
sight during the discharge by a stepping motor which wasurves are the sum of the cold and warm components. Single-dotted dashed
remotely controlled. The rotation angle of PS&,was de-  curves are the hot component.

fined as the angle of the polarization direction of theay

with respect to the horizontal plané&ee Fig. 7 latey.We

st.arted the rotation at=45° and stopped .at -45° for aNBI ||| ANALYSIS OF THE ZEEMAN PROFILES AND

discharge plasméshot No. 41 312 The time evolution of p5cUsSION

the polarization resolved spectra of, s shown in Fig. 5.

The spectral profiles vary with the rotation angle of the PSO.  The H, line consists of 48 allowed and sixJ-forbidden

The observed profile of theo-ray component at Zeeman components. These arando polarized.(187 and
a=45° is almost identical with that of theray component 30c allowed, 27 and 4r AJ forbidden.”’ The correspond-

at «=-45° andvice versaexcept for the different relative ing perturbed line strengths are calculated according to the
efficiency for the two rays. Both theray ando-ray profiles  method described in Ref. 23.

are similar at around=0°. This fact suggests that the emis- The = components, corresponding AM =0 transitions,

sion is localized at inner and outer regions where the pitclare linearly polarized in the plane containing the direction of
angles of the magnetic field are of similar absolute value®bservation and that &. The " components correspond to
with the opposite signésee Fig. 1 It may be interesting to AM=M;-M,;=-1 and are shifted to higher energy, or to the
note that the profiles atx~0° look rather similar to the blue side of them components. The™ components corre-
polarization integrated spectrum in Fig. 2. spond toAM=+1 and are shifted to the red side of the

An example of the observed Hine profiles is shown in  components. If the observation direction is orthogonaBto
Fig. 6 at a particular anglee=—45°; Figs. 6@ and Gb)  the polarization direction of* and ¢~ components are per-
shows thee-ray component and the-ray component, re- pendicular toB. If B points toward the observer, the blue
spectively. The upper panels show the spectra recorded dutomponents are left-circularly polarized and thered com-
ing the NBI injection. The spectra are for the time span fromponents are right-circularly polarized. In the present experi-
t=1.000 to 1.478 $shot No. 41 292 mento* and o~ components are elliptically polarized.

The lower panels show the spectra in the recombining Let the H, line be emitted at the positio® where the
phase; in this phase the plasma shrinks to the central axisjagnetic fieldB is directed(6, ¢) as shown in Fig. 71,
where the magnetic field is almost in the horizontal directionrefers to the intensity which is observed from the direction in
See Fig. o). Both the profiles in(@ and (b) show typical the plane perpendicular tB. I and |, are the intensities
normal Zeeman or Paschen—Back patterns. Since the radiabserved in the direction parallel or antiparallelBoFor a
motion of the plasma can be neglected in this decayingarticular observation direction with angfeve define a unit
phase, the peak positions of thecomponents for the both vectora which lies along the projection of thH& vector onto
rays are used for the purpose of wavelength reference for thibe X-Z plane. (Fig. 7). Thusa has Cartesian components
upper panels of Fig. 6. (sin#, 0, cosyn). Then thewr component is observed as the
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|':|;T+|[T++|:T_, (9)

=+l +1, ++]

0,0

0,7 e eot + IO,U'_ + le,o'_ (10)

is independent of the angle
The angles and » are related to the pitch and yaw
angles,f and ¢, of the magnetic field vectorB.

cos{ = cosésin ¢, (1)

tan = cotf cosdg. (12

For the purpose of fitting the experimental profiles in Fig. 6
a synthesized profile of the Hline is constructed on the
following assumptions: The Hline is emitted at two loca-
tions, the inner and outer points on the line of sight. There
FIG. 7. The definition of the angles of the magnetic field and polarizationare cold and warm components at each point on the line of
for the line of sight as showrf? and ¢ are the pitch and yaw angles of the . h h le of ith h

magnetic field vectoB, respectively. The observation direction at the angle S'9 t. The ens_emb eo E_‘toms W_|t each temperature COIT_lpO-
¢ is defined with respect to the magnetic fieddis a unit vector, which lies  nent moves with a certain velocity component along the line
along the projection oB onto theX-Z plane and is the angle o with  of sight. There is an additional high temperature component,
respect to thez axis. represented by a broad Gaussian profile. Neither alignment
nor orientation is assumed in the upper level in this fitting. In
order to minimize the computation time in the least-squares

light linearly polarized in the direction within the plane fitting procedure, the central wavelength of the each compo-

which includesa and the line of sight. We denote its intensity Nent is treated in the complete Paschen—Back limit and the
asl’ fine-structure splitting about 14 pm in wavelength difference

is neglected. The effect of the fine structure splitting is cor-
I =1,Sire¢. (1) rected for later. We adopt the parametrization method of the
Zeeman effect on the hydrogenlike spectra as discussed in
Ref. 24.

Least-squares fitting was performed on the observed
e-ray ando-ray line profiles simultaneously with four sets of
o=, +1. (2) Zeeman profiles, i.e., cold and warm components in inner
7T T and outer regions, plus a broad Gaussian profile. Each set of
Zeeman profiles has an independent intensity, a Doppler

The o* component gives rise to the intensities in both the
parallel and perpendicular directions aaoll’ﬁ ‘ and 'éﬂng
respectively:

7

1
_E(CO§§+ Dlgr, ©) width with atom temperaturg&,, and a Doppler shift corre-
and theo™ component gives rise to the intensities; sponding to the velocity component along the line of sight,
, , , vLos The ratio of the efficiency between teaay and theo
o= (r-,m,”a—,m (4)  ray is assumed to be constant within the observed wave-
length range. The result of fitting of the spectra is shown in
=1(co¢+ D)l - (5)  Fig. 6 with the solid curves.

. . Table | summarizes the parameters deduced from the
The intensity observed as tferay through the PSO fitting. From the parameter values of the magnetic field the

with the rotation anglev, consists of ther component emission locations are identified to B,=2.81 m andR,
lo,»=1.SIP(n+ a) = Sin{ sif(n+ a)l (6) ~=4.66 m. These locations are shown in Figa)lwith the
open circles. The diameter of the circle indicates the inten-
and thes* and o~ components sity. Also shown are similar results determined in other time

windows starting at 3.5, 6.0, 8.5, 11.0, 13.5, 16.0, 18.5, and
21.0 s for the same discharge. In our previous experiment on
= 1{cog¢ sirf(n+ a) + cod(n+ a)}l .+, (7) ~ @helium discharge, the emission locations of neutral helium
lines wereR;,=2.85 m andR,,=4.70 m on the line of sight
T ) slightly below the equatorial plane, as shown Fi¢p)1So,
oo~ = IU_'m|5|n2(77+ a)+ Ig_mcosz(n+ @) the emission locations of the Hine virtually coincide with
- %{Cos’-gsinz(rﬁ )+ coZ(n+ a)ll -. (8) those of the neutral helium Iin_e. The_ inward flow speeds (_)f
(1-7)x10° m/s are substantially higher than those esti-
The e-ray intensity consists of the three componernts,, mated for helium of~1x 10° m/s??
leo+ andlg -, as given by Eqs(6)—<8) with a replaced by It is worth examining the contributions from various
a+90°. If no alignment nor orientation is assumed in thecomponents which make up the observed profiles in Fig. 6.
upper level, i.e.] .=1,+=1,-, the sum of the observed polar- The angle parameters & at the inner and outer points are
ization components, 0,,=—42.3°, ¢n,=—25.6°, andfy ;= 38.7°, o= 6.4°, respec-

o, = I(’Tﬁﬂ“sinz(n +a)+l.  cos(n+a)
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TABLE |. The parameters obtained from the fittirig, an

Phys. Plasmas 12, 042501 (2005)

dv| os indicate the atom temperature and the velocity

along the line of sight, respectively. Asteri€k indicatesT, after the correction for the fine structure splitting.
B, 6, and ¢ are functions oR. (shot No. 41 292{=1.000—1.478 s

Inner Outer

Cold Warm Cold Warm Hot
R(m) 2.81+0.01 4.66+0.01
B(T) 1.89 1.55
6(deg -42.3 38.7
¢(deg -25.6 6.38
Intensity (10* relative unit$ 1.83+0.04 3.0+0.01 0.35+0.06 1.5+0.1 3.8+0.1
Ta(eV) 0.2+0.1 3.2+0.1 <0.1" 0.68+0.07 143+5
vLos(10° m/9) 3.0£0.1 7.2+0.2 -1.3+0.2 -3.2+0.2 33+2
Relative proportion$%) 17 29 4 14 39

tively. The corresponding values ¢fand » are obtained to
be {,=+108.6°,7;,=—-44.7°, and, ;= +85°, 7,,=51.1° by
Egs. (11) and(12). According to Eqs(6)—(8) for the o ray

with a=-45° and the corresponding equations for &y,

we obtain

le=F(0.50 5+ jn + 0.00 . jn + 0.50 - jn + 0.01 ;+ oy

+0.98 54+ 0.0 - o) (13

and
lo=%0(0.09 ,+;,+0.90 ., +0.08 - j, + 0.499 + 5t

+0.00, o+ 0.498 - o), (14)

whereT, and ¥, are the efficiencies for the ray and theo
ray, respectively. It turned out th&./T,=1.91. Thel
and |, o, components are dominant in theray profile.
| = oyt @Ndl i, components are dominant in toeray profile.
This is the very reason why the present polarization resolve
observation is so successful.

A spatial extent of the emission region could make the

o* components broader than tkecomponents. In the He |
case?? the additional broadening of the components of the

X 728.1 nm line was found to be smaller than 1 pm, and thud H *H(=2,3), 1.5
a variation of the magnetic field strength over the emissior?

region was less than 0.05 T. This limits the extent of the® . _
omponent consists of atoms, which are released from a sur-

emission region to be 50 mm or narrower. Since the prese
H, profiles are complicated, it is impractical to estimate
guantitatively an additional broadening of thecomponents

from the observed spectra. If we assume the same emission

region, i.e, 50 mm or less, the additional broadening ofathe
components is less than 1 pm.

=1.89 T. The spectral profile of the components of the fine
structure split lines with the temperaturef,, is fitted with

a single Gaussian with the resulting temperaturégf,. At
temperatures lower than 1 eV, the difference is substantial as
shown in Fig. 8. We correct for the effect of fine structure
which was neglected in our fitting, and deduce real tempera-
tures from the fitted temperatures. The atom temperatures in
Table | are the result after this correction is made. There are
large fractional uncertainties in the temperatures of the cold
components.

The present conclusion that the observed profiles consist
of three components, the cold, warm, and hot components,
seems to be consistent with the foregoing experiments on
tokamaks**° Two temperature componefit$! were also
observed. In the helium experimeéfithowever, the warm
components were obviously absent. We may assume that the
warm component comes from molecular hydrogen: e.g., dis-
aociated atoms from hydrogen moleculeg+H,—e
+2H(1s), 3.0 eV, those from hydrogen molecular iores;
+H;—e+H"+H(1s), 4.3 eV, those due to dissociative exci-
tation of hydrogen moleculeg+H,— e+H(1s)+H(n=3),

7.0 eV, or those from hydrogen molecular ioms:H, —e
V/9101801¢ this is the case, the profile
hould be different from the simple Gaussian shape as as-
umed in the present fitting. It is suggested that the cold

10

B=1

89T

10

Finally, we turn to the broadening expressed as “atom
temperatures.” In our fitting we ignored the presence of fine
structure. When the Doppler width is large, our assumption is
justified, but whenT, is small, the fine structure splitting of
the order of 14 pm may not be neglected, and the tempera-
ture derived from our fitting may be higher than the real
temperature. We include the fine-structure splitting and cal-
culate the “phenomenological temperatuligg.q against the
real temperatur@ . in the particular magnetic field strength
corresponding to the inner and outer points, iB=1.89 T
and 1.55 T. Figure 8 shows an example of the resultBfor FIG. 8. Fitted temperature to a profile including the fine structure splitting.

Tined (€V)

10°

W,

1072

10

10

10

1 1

1
Tine (V)
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