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Polarization of impurity emission lines from a tokamak plasma
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The visible-uv spectrometer was equipped with a double refracting calcite plate for the purpose of resolving
a spectral line into the two linearly polarized components and observing these components simultaneously.
Relative intensities of these components have been measured for heliumlike carbon and berylliumlike oxygen
impurity lines from the WT-3 tokamak plasma at Kyoto University. In the joule heating mode, for transition
from the joule heating to the lower-hybrid current drive mode, and for application of the electron cyclotron
heating, changes in the relative intensities were found, which indicated that these lines were polarized. Impli-
cations of the polarization of the emission lines from plasma are discU&Ed63-651X96)51809-X]

PACS numbgs): 52.25.Tx, 52.70.Kz, 32.76:.n

In spectroscopy of magnetically confined plasmas emiswe took the quantization axis in the toroidal direction. We
sion radiation is assumed to be unpolarized, except in thassumed the axial symmetry around the quantization axis,
cases of the observation of Zeeman or Stark split I[ie3). since any asymmetry created in the ensemble of ions was
However, if an “ordinary” emission line were polarized, this smoothed out owing to their fast Larmor precession. Then
has significant implications in spectroscopy; that is, besidethe polarized components of the emission lines weresthe
the intensity and the spectral profile of the line we are able tdight (having the electric fields oscillating in the direction of
use its polarization characteristics in interpreting the plasmahe quantization axjsand theo light.

Since the polarization results from the spatial anisotropy of The plasma was observed slightly from above the equato-
the plasma, its characteristics, i.e., the degree and directiaiel plane. The optical axis defined by the spectrometer
of polarization, would give us quantitative information con- crossed the center of the plasma core, which was displaced
cerning the anisotropic, and therefore, nonthermal, propertigdy 4 cm to the major radius direction. The plasma radiation
of the plasmd3,4]. went through a window of a 15-mme-thick fused quartz plate

The WT-3 tokamak at Kyoto University had the major and five steering mirrors, to be focused on the entrance slit of
and minor radii of 0.65 and 0.21 m, respectively, and thethe spectrometer. On the opposite side wall of the plasma
toroidal magnetic field was 1.5 T at the poloidal center. Avessel a light damp made of knife edge blades was installed.
plasma was produced in the joule heati{dfl) mode with the  Distortions of the polarization characteristics of the transmit-
toroidal current of 60 kA to reach a stationary state at the on¢ed light through the window were examined. The first cause
turn loop voltage of 4 V. At 30 ms after the start the lower- of distortion was the photoelastic effect: The mechanical
hybrid wave of 2 GHz with 150 kW was injected and the stress due to the atmospheric pressure caused birefringence
current was sustained in the lower-hybrid current driveto the fused quartz. The magnitude of distortions was calcu-
(LHCD) mode with virtually no loop voltage. At 50 ms the lated and found to be largest in the regions near the four
electron cyclotron wave of 56 GHz with 150 kW was super-corners of the rectangular window. Tipewave (o light),
imposed electron cyclotron heatinECH)]. The location of  taken for the purpose of illustration, incident on the plate
the launcher of the LH wave was at 135° counterclockwisawith the incidence angle 20fwith respect to the surface
(seen from the aboyevith respect to the observation port for norma), became an elliptically polarized light during the
the visible-uv spectroscopy, and that of the EC wave was aransmission, giving rise to the-wave component. The
22.5°. The electron density was measured by the far infrarethaximum intensity of the secondasywave component was
interferometer to be typically 810 m~3 at the plasma less than 2% of the primarg-wave intensity near the cor-
core, and the electron temperature was estimated from theers for the shortest wavelength20 nm of the lines ob-
electron cyclotron emission intensities to be 100—300 eV. served. We confirmed the above estimate by using a diode

The deviation of the magnetic field direction from the laser: Linearly polarized light was incident on the window
toroidal direction was 7° in the outermost plasma regionfrom outside, and after passing through the plate twice and
Since we observed emission lines from multiply ionized ionsbeing reflected back by its inner surface, the polarization
present in the plasma core regions, the deviations there wenoharacteristics of the light were examined. It indicated no
expected to be much smaller. By ignoring these deviationsnore distortion than 0.2%, as calculated for the wavelength

of 635 nm with the incidence angle of 30° for this particular
experiment. In our observations described later we used only
*Present address: The Institute of Physical and Chemical Rethe region of the window near its center, where the distortion

search(RIKEN), Hirosawa, Wako, Saitama 351-01, Japan. was absent. The magnetic field at the window was estimated
"Present address: Ericsson Components AB, S-16481 Kista, Swéo be about 0.1 T in the direction at 20° with respect to the
den. toroidal direction. The component of this field in the direc-
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FIG. 1. Polarization resolved spectra of heliumlike carbon lines, ~FIG. 2. Polarization resolved spectra of heliumlike carbon,
Cv (25® S,—-2p 3Py, ) observed from plasmas in the joule heat- CV (28 °S1-2p ?’_Po,l,z) observed from plasmas in the lower-
ing mode for different shots. The two peaks at right arethehs  hybrid current drive mode@) and in the(lower-hybrid current
peak and o (lhs peak polarized components of the=1-J=2 drive + electron cyclotron heatingnode @). The relative posi-
line. The weaker linesX=1-J=0,1) are unresolved and theand  tions of them anda components have been interchanged from Fig.
o components each appear as aggregates. 1

tion of the light path was 10° T or less, and the Faraday sitions of thee- and o-ray images were interchanged, and
effect tilted the plane of linear polarization direction by lessthus any blending effect would appear in the opposite sense,
than 0.1° during the transmission through the pléde 220  making it easier to detect the artificial “polarization.”
nm). The Voigt effect or the Cotton-Mouton effect gave rise  We could not calibrate the relative sensitivities of our
to a distortion of 108. All of these distortions were small detection system, including the window and the mirrors, for
and ignored. the different polarized components. Emission lines of atoms
The incidence angles of the light to the steering mirrorsand ions for transition with the upper level having total an-
were 3°—45°. The linear polarization of the plasma radiationgular momentund (or F) =0 or 3 are never polarized, and
was in all the cases in the direction parall@ ave or  could be used for the purpose of calibration. However, it
perpendicular § wave to the plane of incidence of the mir- turned out that these lines were too weak, as is expected from
rors. The reflection efficiencies of these mirrors for thesethe LS coupling line strength, or were blended with other
polarized components would be different, but no mixing oflines, making its isolation difficult. In the following, there-
the original polarizations occurred. fore, we present our result in terms of the apparent relative
The spectrometer klal m focal length and/10. The intensities of the two polarized components.
grating was of 3600 grooves/mm, giving the reciprocal linear During one discharge lasting over 100 ms we observed
dispersion of 0.22-0.25 nm/mm at 220—-280 nm. The enthe emission lines over each 10 ms time segment, which
trance slit width was 0.1 mm, and the dispersed light wasonsisted of 7.44 ms for the net integration time of the signal
detected by a multichannel detect@racor—Northern TN- and 2.56 ms for signal transfer. We observed several lines
6130, 12.8 2.5 mm). It had 512 channels and we used chan-from intrinsic impurity oxygen and carbon ions in various
nels with even channel numbers. The wavelength width peionization stages for 45 shots of discharge. We also observed
channel was 0.005 nm/channel at 220 nm. Just behind theome of the lines for ten shots of discharge of the JH and
entrance slit we placed a calcite plate with thickness of 5.4H+ECH modes. Each shot produced ten frames of spec-
mm. The crystal optic axis was in the horizontal direction attrum. We examined all of them, and found changes of rela-
60° with respect to the normal, and the normal incident lighttive intensities of ther and o components, indicating a
was separated into the ordinam)(ray and the extraordinary change in the polarization degree, during the course of time
(e) ray. After transmission the ray (the 7 light) was dis- or for different shots. In some cases, however, the signal
placed parallel from the ray (o light) by 1.1 mm horizon- intensities were too weak to draw a definite conclusion, or in
tally, and the image of the entrance slit was focused by thesgome other cases, the apparent polarization change might be
rays at different locationgl.1 mm apait on the detector. attributed to the blending effect. We excluded these suspi-
Examples of the images are seen in Figs. 1-3. Distortion ofious cases, then we had about 50 frames of spectrum left,
the images caused by the insertion of the calcite plate wawith which we could not deny the existence of polarization.
within the tolerable level. The ratio of the apparent intensi-A few examples are shown in the following.
ties of these two components is a measure of polarization of Figure 1 shows two spectra of heliumlike carbon lines:
this line. For the purpose of detecting any artificial apparenC Vv (2s 3S,—2p 3PO,LQ) for different shots. Both of them
polarization due to blending of closely lying weak lines, we are for the JH modé20-30 ms after the start of dischayge
repeated the measurement with the calcite plate rotated bijhe weaker line§227.792 nm J=1-J=1) and 227.725
180° around its horizontal axis. In this way, the relative po-nm (1-0)] are not separated, and tlkecomponents and the
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The 7= component of the first line and the component of
02030 msec the second line merge. For the strongest lide(-J=2),
* 30-40 msec the ratio of the apparent intensities of thecomponent to the
400 - 1 o component increases in the LHCD mode as compared with
1-2 that in the JH mode. Figure(l3) shows the temporal devel-
opment of the apparent intensity ratio for this shot. The first
and second points correspond to the spectra in K&. Bhe
intensity ratio could not be determined in the first two 10 ms
segments because the intensities were too weak.

We now examine experimental uncertainties. In Figs. 1-3
. one unit of intensity in the ordinate for one channel corre-
3¢ o | sponds approximately to 3@hotons. If we take into account

; 2 8 the quantum efficiencies of the multichannel plates of our
PQ\ ij ® detector, that number would decrease by an order, which

0 T, W Q!? " %  ould be the number of the photoelectrons contributing to

) 0 2 100 Chf,:’nel 200 250 80 the signal intensity of this channel. Thus, for signals with
100 units the statistical uncertainties are insignificant. For

1.3 ‘ ' ' ‘ weaker lines like thed=1-J=0,1 lines in Fig. 2 uncertain-

ties would be substantial, due partly to the background.

As mentioned earlier, we were extremely careful about
possible line blending; i.e., one of the polarized components
of a line of interest may be blended with another component

| of a nearby line, enhancing the apparent intensity of the
{ former component. An example of this possibility is seen in
{ Fig. 3(a); in the JH mode discharge, several very weak lines
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10 L appear in the region of the 1-0 and 1-1 lines. For example,
if the small peak at about channel 176 were dheomponent
of an unidentified line, itsr component would have contrib-
09 1 uted to thea component intensity of the 1-2 line. If this
‘ ECH were the case, and if the relative intensities of the polarized
JH l LHCD components of this weak line are about equal, our point in
20 20 60 30 00 Fig. 3b) for 20—30 ms would have been decreased by 2%
(b) time(msec) from the true value. The resulting relative intensity in this
particular example, however, lies within the estimated uncer-
FIG. 3. (a). Polarization resolved spectra of berylliumlike oxy- tainty. This blending difficulty would be eliminated if we
gen, Ov (3s 3S,-3p Py, ) observed from plasmas in the joule adopt an experimental arrangement in which we observe the
heating mode @) and in the lower-hybrid current drive mode two polarized components with two independent detectors.
(®). The two peaks at right are the and o polarized components We have observed the polarization of “ordinary” lines
of the J=1-J=2 line. (b). The apparent intensity ratio of the  emitted from a magnetically confined plasma. Since the lines
component to ther component of the)l=1-J=2 line during the  were observed with all their Zeeman and Stark components
course of time, indicating changes of the polarization degree. included, we conclude that in one or both of the cases in
Figs. 1-3 these lines are polarized. This means that the en-
o components each appear as aggregatesaTbemponent semble of the excited ions in the upper level is polarized
of the strongest line, 227.091 ni-2), is, for one of the under these plasma conditions; more specifically, these ions
shots, substantially stronger than #thecomponent; this fea- are aligned. Since the present plasma is in the ionizing
ture is common for many JH plasmas. The other spectrumplasma phasg5] and since the opacity effect is insignificant
shows almost equal apparent intensities for both of the po6], the origin of thisalignmentshould be spatially aniso-
larized components. This indicates that in one of the shots, dropic collisional excitation by electrons having an aniso-
even in both of them, this line is polarized. tropic velocity distribution. An example of anisotropic distri-
The second example is shown in Fig. 2. This shows agaibution is a Maxwellian distribution with different
the heliumlike carbon lines; the calcite plate has been turnetemperatures in different directiofi3,7]. Another example is
over, so that ther component appears on the left-hand sidethe existence of a beam component or a “tail” superimposed
of the ¢ component. This figure illustrates the transition on bulk electrons having an isotropic distributi@]. A spe-
from the LHCD mode to the LHCBECH mode. Before the cific “shape” of the electron velocity distribution gives rise
application of ECH thewr component of the line 1-2 is to a specific set of population and alignment in various ex-
stronger, but after that the situation is reversed. cited levels of ions, or a set of intensity and polarization of
Figure 3a) shows the spectra of berylliumlike oxygen for emission lines from these levels. For the shots shown in Fig.
transition of discharge from the JH mode to the LHCD 1 we found that the second shot showed slightly noisier and
mode. The lines are triplet @ (3s3S,-3p 3Py higher x-ray signals compared with other shots. This sug-
278.985, 278.699, and 278.101 nmiThe relative line gests that the electron velocity distribution in the second
strengths of these lines in theS coupling scheme are 1:3:5. plasma is different from the other shots.

0.8
0
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In order to relate our observation of population and align-would be something like the peaks in Fig. 2. In the second
ment to the velocity distribution, we have to interpret them inexperiment we rotate our detection system around the optical
terms of a kinetic model that takes into account the spatiafixis of the spectrometer by 90°, then we would obtain a
anisotropy of the electron velocity distribution. We call this spectrum similar to ther peaks in Fig. 2. In this spectrum
model the alignment collisional-radiatid€R) model. This  the intensity of the 1-2 line is 1.8 times stronger than that in
model consists of two parts: a CR model for population,the first spectrum. The polarized component has a spatially
which is similar to the conventional CR mod#l], and a CR  anisotropic intensity distribution: The component has the
model for alignment. The full account of the basic formula- distribution proportional to sif¥ and theo component to
tion of the alignment CR model and its application to experi-2— Sin’6, whereg is the polar angle with respect to the quan-
ment will be published in a separate paper. tization axis. The third experiment is that we observe the

Another point to be noted is concerning tbserved in-  Plasma from the direction of the quantization axis:0,

tensity We take the plasma shown by Fig. 2 for the purposé’."ith the same detection system. Under the present assump-
of illustration. We assume that, during 40—-50 ms, the plasm‘I:{On of axial symmetry, the result would be exactly the same

is isotropic and all the lines are unpolarized. That means ougstth?.t of thet secﬁn(? expelnmen.tt.. (.i.n ﬂ;e %t]hetr handl, 'f. ou(;
detection system is more sensitive to thecomponent by anfcéﬂgstys tehrg azo eeqﬁﬁezegs' It\al:'ln?nzn(t)r g Iv(;/o p?aa'::tzgn
about 20%. Then, during the 50—-60 ms period, theom- P S: N xpen S would give | i

ponent of the 1-0,1 lines has almost the same intensity as tr%ty of the 1-2 line to be 1.4=(1+1.8)/2], 1.4, and 1.8,

7 component, while ther component of the 1-2 line is respectively. Thus, thebserved intensityanges from 1 to

about 1.8 times more intense than theomponent. Suppose 1.8 depending on the experimental geometry and the charac-

we perform three experiments of conventional intensity spec’EerIStICS of the detection system. Thiee intensitythat rep-

troscopy on this plasma. In the first experiment we observé‘z"semS thepopulationis given by "(77)+2! (‘T.)]/?" or 1.'5
in this example. The above arguments indicate the impor-

the plasma from the direction perpendicular to the quantiza,[-ance of the polarization bhenomena even in the conven-
tion axis, as in the present experiment, with a detection SYSional intensit P : P
tem that is sensitive only to one of the linearly polarized lonal Intensily Spectroscopy.

components, say, the component in the present geometry;  This work was supported partly by Grand-in-Aid for Sci-
this last assumption is not entirely unrealistic when we use @ntific Research on Priority Areas and that for Co-operative

grating or crystal spectrometer. The observed spectrurResearch.
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