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Measurements of poloidal rotation velocity using charge exchange
spectroscopy in a large helical device
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Absolute measurements of poloidal rotation velocity with the accuracy up to 1 @ngsn in
wavelengthwere done using charge exchange spectroscopy in a large helical device. Radial profiles
of the absolute Doppler shift of charge exchange emission with a beam are obtained from spectra
measured with four sets of optical fiber arrays that view downward and upward at the poloidal cross
section with and without neutral beam injection. By arranging the optical fiber from four arrays
close to each other at the entrance slit, the apparent Doppler shift due to aberrations of the
spectrometer and due to interference of the cold compdtiemicharge exchange between He-like
oxygen and thermal neutrals 8 pm from the charge exchange emission with a baanbe
eliminated from the measurements. The measured poloidal rotation velocity is 1-3 km/s in the
electron diamagnetic direction at half of the plasma minor radius.2000 American Institute of
Physics[S0034-674800)04006-3

I. INTRODUCTION long integration time have been developed for CXS in a
The radial electric field has been recognized as beingHD' The background emission is m_ain_ly du_e to the charge
important in a heliotron/torsatron because neoclassical tran r_i(chanlge reacltlon bet\/\r/]eenlthe fully dlonlze(; |_mpu|r||t3:jarr:d the; d
port is very sensitive to the radial electric field. Charge ex-\hermal neutrals near the p asma edge and Is calle the co
change spectroscoZXS) has been developed as a tool to component. In order to precisely measure the cold compo-

measure ion temperature profifiedand plasma rotation and nent at the poloidal cross section without NBI, simultaneous
also the radial electric field using radial force balatfé2in ~ Measurements of the cold component of each chord are re-

a heliotron/torsatron, there is no large toroidal rotation beduired inaLHD. . _
cause of parallel viscosity in the toroidal directibhThere- Four sets of optical fiber arrayd1 fibers eachwith a

fore, the radial electric field is mainly determined by the 0-2 mm core diameter and a 0.25 mm clad diameter were
poloidal rotation**~*6 The poloidal rotation §,) as well as installed into the port where one can view the NBI path
ion temperature T;) of fully ionized carbon are measured (CXS channels while the other two sets of optical fiber
with CXS using heating neutral beam injectiNBI) in a  arrays were installed into the port where one cannot view the
large helical device(LHD). Because of the negative ion NBI path [background(BKG) channel$ as seen in Fig. 1.
source of the NBI, the operating energy range of heating'he charge exchange emissions due to the neutral lfleaim
neutral beam is relatively highEgg=100—180 keV/amu  component are extracted by subtracting the cold
Therefore, the charge exchange cross section between tgemponents measured at BKG channels from the overall
fully ionized impurity and hydrogen atom in a LHD is much signal measured at CXS channels. Since the emission mea-
smaller Eng =40-60 keV/amy than that in charge ex- sured at the CXS channels includes both hot component
change spectroscopy using a heating neutral beam with memitted from the intersection between the line of sight and
dium energy Eng=40-60 keV/amiin most large toka- the neutral beam at midplane and cold component emitted
maks. The small charge exchange cross section due to tfigom the plasma edge, the ion temperature estimated from
high energy beam in a LHD makes the CXS measurementhe overall signal measured at CXS channels is underesti-
difficult, becausg(1) the number of photons in charge ex- mated. The influence of the cold component on poloidal ro-
change emission is small ari@) the ratio of the charge ex- tation measurements is more complicated and the poloidal
change emission signal to the background emiséiom S/B  rotation simply derived from a overall signal can be either

ratio) is small. underestimated or overestimated depending on the direction
of the poloidal rotation velocity of the cold component. The
Il. CHARGE EXCHANGE SPECTROSCOPY SETUP absolute values of the poloidal rotation velocity are derived

from the differences in the Doppler shift measured from the
In order to solve the problem of a small number of pho-4,0 arrays, one viewing upward and the other viewing
tons, a large throughput Czerny—Turner spectromée®al  gownward. These optical fibers are led to the entrance slit of
length of 0.5 m,F number of 4, grating size of %10 MM the spectrometer through an optical fiber junction box, which
X110 mm) and a cooled charge coupled devi@CD)" with  gnaples us to change the fiber arrangement easily. The opti-
cal fibers from four different ports are arranged as shown in
3Electronic mail: ida@nifs.ac.jp Fig. 1. The charge exchange channels and background chan-
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nels that view identical radii to those of the charge exchang&entical to that calculated from the aberration curve. The
channel are arranged nearby to minimize offset of the waveindividual offset beside the aberration of the spectrometer is
length due to aberrations of the spectrometer in subtracting.14 pixel[root mean squaré@ms)] [see Fig. 8], which

the cold component from charge exchange emission. Thgives an error in poloidal rotation velocity of 1.5 km/s. This
offset of the wavelength due to the aberratitthsaused by linear interpolation gives the smoothing in three spatial chan-
the mirrors is expressed & =\ (z/f)?, where\ is the mea- nels and the poloidal rotation velocity might be underesti-
sured wavelengtty, is the distance from the optical axis, and mated due to the smoothing effect, when there is a sharp
f is the focal length. The offset is largest at the end of fibergradient of poloidal rotation velocity in the plasma in three
array and it is 0.003 nm/stripgl/50—1/100 of the Doppler channels.

width); it has a negligible effect on the ion temperature mea-

s_urement;. However, in the measurements of poloidal rotam_ CROSSTALK AND ABERRATIONS OF THE

tion velocity, even the small offset of the wavelength CauUse HE ~TROGRAPH

an apparent poloidal rotation velocit2 km/s for 0.003 nm

offsey. In order to measure the offset curve, three channels Since one optical fiber gives one spatial channel, the
of the optical fiber(both ends and the middle one of the fiber number of spatial channels increases as the diameter of the
array) are devoted to wavelength calibration using a mercuryoptical fiber is reduced. However an optical fiber with a
lamp. In principle, an accurate poloidal rotation velocity cansmaller diameter causes larger crosstalk between the chan-
be obtained by taking the differences of the Doppler shiftnels. Therefore the crosstalk should be investigated before
between the measurements and offset curve calibrated withdetermining the diameter of the optical fiber array at the
mercury lamp. However, the absolute wavelength of thesntrance slit. In order to study the crosstalk, the verijpat-
charge exchange line is determined within an accuracy oéllel to the slij image is measured at 546.07 nm using a
0.01 nm. Therefore the poloidal rotation velocity is derivedmercury lamp for the 0.132 optical fibers(0.132 mm clad
from the differences between the Doppler shifts measurediameter and 0.106 mm core diame¢tend 0.2% optical

with two arrays viewing upward and downward. In a LHD, fibers (0.25 mm clad diameter and 0.2 mm core diameter
the observation radii of the array viewing downward are ar-installed along every other entrance slit. The image of the
ranged to be in between those of the array viewing upwardoptical fiber with a 0.106 mm core diameter corresponds to
Then the wavelength offset due to the aberrations can bfive pixels and no flat top of the intensity is observed, be-
almost canceled simply by taking the difference of the Dop-cause the size of the optical fiber is comparable to the verti-
pler shift from the average of Doppler shift nearby. For ex-cal resolution of the spectrometer. On the other hand, the
ample, poloidal rotation velocityp, for channel 4 is derived image of the optical fiber with a 0.2 mm core diameter cor-
from the velocity of the Doppler shifys, of channels 4, 2 respond to nine pixels and there is a clear flat top of the
and 6, avp(4)=[vs(4)—(vs(2)+wvs(6)]/2)/2. The linear observed intensity. There are signals on the pixels where no
interpolation is good approximation, because the offset thabptical fiber is connectetho light from the mercury lamp

was calculated from the average &f2 channel is almost which causes crosstalk between the channels. Here crosstalk
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is defined as the averaged intensity of the fimae) pixels of 1% is considered to be low enough, because the ratio of
corresponding to the core where no fiber is connected dithe hot component to the cold component is typically 20%—
vided by that corresponding to the core where the fiber isl00%, as discussed later.
connected. In general, the sharpness of the vertical image can The CCD detector is 8.45 mnthorizontal direction
be improved as th& number is increased by putting a mask xX12.67 mm (vertical direction with 384x576 pixels (the
on the grating. Here th& number of the spectrometer is size of each pixel is 22mx22 um), which gives the simul-
defined by (&/7)Y%/f, whereSis the area of grating anid  taneous measurement of spectra with a wavelength range of
is the focal length of the spectrometer. Figure 2 shows th&.1 nm and slit height of 12.67 mm. In order to make a one
how the sharpness of the vertical image is improved by putto one correspondence between the strip of the CCD and the
ting the three types of masks with the aperture of the#l00 spectra from each optical fiber with a 0.2 mm core and a 0.25
circle, the 8@ circle and the 80 mnthorizona) <100 mm  mm clad, the CCD data are read out with nine pixel binning
(vertical) square on the grating. and three pixel skipping as seen in Figc)2 This binning
When there is no mask on the grating, the crosstalk ipattern gives 48 strips from 576 pixels: 22 strips are used for
relatively large and it is 20% for the 0.1g2ptical fiber and charge exchange emission, 22 strips for background emis-
5% for the 0.2% optical fiber. The throughput of the light of sion and 3 strips for Hg lines to check aberrati¢hstrip is
the spectrometer increases as the size of the grating imot used. The readout time of the CCD detector depends on
creases. However, the throughput tends to saturate @bovethe number of binnings, and it is 65 ms for 48 strips. During
=5. This is because light far from the optical axis does nothe readout the mechanical shutter is closed to avoid smear-
contribute to an increase in the intensity of the image buing. Since shutter opening/closing takes 5-10 ms, there is
causes crosstalk. The crosstalk is significantly reduced to 5%oughly 80 ms dead time in this system. Therefore the inte-
(100 mask and 0.8%(80¢ mask for the 0.132) optical  gration time is normally set to 100 ngfor a frame rate of 10
fiber and 2.4%80 mmx100 mmn), 0.8% (1004 mask, and  Hz) or to 900 mgfor a frame rate of 1 Hzdepending on the
0.3% (80¢ mask for the 0.2%) optical fiber by masking. intensity of the charge exchange emission.
Figure 2d) shows the advantage of the mask with a circular ~ As discussed before, the offset of the wavelength due to
aperture over the mask with a square aperture. Although thaberrations caused by the mirrors is expressed with a second
throughput of the light with a 106 mask is comparable to order polynomial of strip number and it is measured with Hg
that with a 80 mnx100 mm mask, the crosstalk for the lines (\ =546.07 nm. As shown in Fig. 8), the offset of
100¢ mask is much smaller than that for the 80 ,A&D0  the wavelength due to aberrations is well fitted by the a sec-
mm mask by a factor of 3. This is because the light closer tmnd order polynomial. Then only the three strips are devoted
the optical axis is more beneficial. In charge exchange spede the Hg lines during experiments, because three points are
troscopy in a LHD, the mask with a 1@0circular aperture enough to give a second order polynomial fitting curve.
and 0.25 mm optical fibers is installed in the spectrometer to  The uniformity of the cold edge component can be
reduce the crosstalk to below 1%. The spatial resolution othecked with the discharges where there is no neutral beam.
the spectrometer with a mask of l@@iameter is 0.13 mm (The long pulse discharges sustained by ion cyclotron range
for the MFT=5% and 0.24 mm for the MFF1%. Crosstalk  of frequency(ICRF) heating are ideal for this check and can

Downloaded 20 May 2007 to 133.75.139.172. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 71, No. 6, June 2000 Poloidal rotation velocity 2363

3
700 —————————
650k (a) #2900 t=0.4s (XS (#24)_j
2 7 o) upward
I CXS (#22) R=4.025m
600
downward
E 1 . 550f R=4.004m~>
3
0 - ] 5 00FgkG #23)
L ¢ = 450~downward 3
Apixel=2.05
1k - 0.193*(strip) . 400
[ +0.00453*(strip)**2 b
350
_2 1 1 | - P | .
0 10 20 30 40 50 300%— —
strip 180 190 200
pixel
1,2 AN R AN AL AL ASLENL LA RELEL L AL B AL
(b). 400_""!" T T T T T
] (b) ® CXS 04s
1.11 . : L © BKG ]
2 o 2 300f ]
g F--—----- ~ - -*---—-- £
;1 ke oe 999 % + 4.5% 8
w3 L d [)
g * L ..‘ ) %200' exchange 7
E s -7~ < emission
(1] - [ [o]
0.91 7 2 - s
[ <100}
! background
3 emission
0.8 PR R T [N T T T N YT T TN S [N S VAT S S N O SO WY S
0 10 20 30 40 50 0 L L L
strip 3.8 3.9 4.0 4.1 4.2

R(m
FIG. 3. (@) The curve of the wavelength shift due to aberrations of the (m)

spectrometer ak =546.07 nm andb) the radial profiles of the intensity £, 4. () Spectra of charge exchange emission and background emission
ratio (the ratio of the emission from the CXS channels to that of emissiona R=4.004 m (downward view: channels 22 and )2and R=4.025 m

from the BKG channejsfor the discharge without a neutral beam. (upward view: channels 24 and 28nd (b) radial profiles of the peak inten-

sity of a charge exchange array and a background array.
be used for calibration if necessarfhe radial profiles of
the intensity ratio(the ratio of the emission from the CXS o
channels to that of emission from BKG chanielee plotted nel and the background channel of the .dov_vnward viewing
in Fig. 3b). The uniformity of the cold edge component is @Tay R=4.004 m and the upward viewing arrayR(
relatively good. When there is no beam, the ratio of emissiori- 4-025 M. The Cvi spectra of the downward viewing array
for charge exchange channels to that of background channef§oW & blueshift, while the @ spectra of the upward view-
is close to unity and it is 99.9%4.5% (rms). A local non- NG array show a redshlft, Whlch indicates that the plasma
uniformity appears when a limiter is inserted to the samdotates in the upward direction &>R,s. The Doppler
port to that of charge exchange channels or backgrounW'dth of the BKG channel is smaller _thz_in that of the CXS
channels because of a local increase of neutral density. Thé&hiannel because the background emission due to the charge
the measurements of ion temperature and poloidal rotatioRXchange between fully ionized carbon and thermal neutral
velocity are restricted to discharges with a diverter configucomes from the plasma edge where the ion temperature is
ration. The gas puff valves are installed in the port away®W. The cold component of fully ionized carbon is compa-
from the CXS or BKG ports to avoid a local increase of lable to the charge exchange emissi@XS intensity to
neutral density in the LHD. In general, the transmission of8KG intensity atR=4.0 m, where the center of the neutral
windows decreases in time. To minimize contamination of€am crosses. The differences in the Doppler shift between
the glass window due to electron cyclotron resonai@R) upward view and downward view arrays which are observed

or glow discharges, the mechanical shutters are arranged Pth in the CXS channels and BKG channels are mainly due
front of the window. to plasma poloidal rotation. The differences in the Doppler

shift of BKG channels indicate there is non-negligible poloi-
dal rotation at the plasma edge. The charge exchange emis-
sion is even smaller than the background emission
(Acxs/Agke<2) off the center of NBI. Subtraction of the
The charge exchange line of fully ionized carborvC  cold component from the charge exchange emission is nec-
(529.05 nm,An=8-7) is typically used for the measure- essary for Cvi in a LHD. The ion temperature derived from
ments. Figure 4 shows the spectra o¥/Cof the CXS chan- charge exchange emission without subtraction is much lower

IV. SPECTRA OF THE C vi CHARGE EXCHANGE LINE
AND OVERLAPPED O vi LINE
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than that with subtraction. Measurements of radial profiles ohtom of the high energy neutral bedbbeam Cvi line) as
poloidal rotation velocity are more difficult than those of ion

tgmperature because the Doppler shift .due.to poloidal rota- Hoeam (h=1)+C* —H*+C5 (n=8).

tion is less than 1/20 of the Doppler width in a LHD. The

Doppler shift is even smaller than the wavelength shift due )
to aberrations, as discussed before. On the other hand, the cold component radiated from the

Figure 5 shows the wavelength shift of charge exchang®!@sma edge is considered to be due to the charge exchange
channels and the background channdl=20.6 s when there
are only small plasma poloidal rotations are0.4 s when
significant poloidal rotation is observed. The solid lines show
fitting of the mercury lamp daté630.4086 nm: second order 250 P - - T AR
of the 265.2043 nm Hg linewith a second order polynomial. 590 £ fiwng wih beam |
When there is no poloidal rotation velocity & 0.6 s, the hot component

wavelength shift of Gvi lines is on the aberrations curve of 5150 b ]
the spectrometer calibrated by the mercury lamp, seen i 100

Figs. 5a) and 3b). On the other hand, a=0.4 s, poloidal £ so b ]
rotation is observed in the differences between the wave 1
length shift from the array viewing upward and downward 9 T CVI fine structure ’
(open and closed circleseen in Figs. &) and 5d). The -50 . co Lo 1|l CXwith NB ,
apparent shift of the wavelength due to aberrations is large 0403020 0L adegmey 02 ¢
than that due to poloidal rotation of the plasma. These dati 5, . ‘ , . . . .
show that a central wavelength of charge exchange emissio ®) A

is different from that of background emission by 8 pm. Here 500 | cold component , ]
the absolute wavelength is determined by the referenc ittine wih thermal fitting wih thermal
wavelength Hg line from the mercury lan{p30.4086 nm: & ¢ OVIine struetuR \\4/ CVHfine structure
second order of the 265.2043 nm Hg linevhich can be g 200 / \ ]

measured simultaneously with the carbon charge exchang

line (529.05 nm during the experiment. 350 Z 1
In order to study the mechanism of the wavelength shift, ) ; OVI fine struc Teeed
' . 300 ) ) [ | 1LICX with therma] n_ )
the fine structure of charge exchange emistfon the pos- o4 03 02 01 0 01 02 03 04
sible charge transfer process is investigated using the atom.. wavelength (nm)

data and analySIS Str_UCFU(A_DAS)' The hot component of FIG. 6. Spectra of the hot component and background emissioR at
charge exchange_ er_mSS'OH is due to the charge exchange hez o4 m at=0.6 s. The solid and dashed lines are multi-Gaussian fittings
tween the fully ionized carbon and the neutral hydrogerof the fine structure of G1 and Owi lines, whered\ =\ —529.055 nm.
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with the experimental data from CXS and BKG channels shown in Fig. 4. 0.0
The mean wavelength of charge exchange emission of BKG channels after >® l %
Ti gettering. -2.0} velectron .
diamagnetic ]
between fully ionized carbotthermal Cvi line) or helium- 4.0 [ magnetic LCFS
like oxygen(thermal Ovi line) and thermal neutral hydrogen 6.0 y axis )
atom as 3.8 3.9 4.0 4.1 4.2

HO eimal (N=2)+C8"—H"+C% (n=8),
FIG. 8. Radial profiles of(a) ion temperature andb) poloidal rotation
HO oma (N=2)+ 0" —H"+0%" (n=8). velocity measured with charge exchange spectroscopy in a LHD. The posi-
tive poloidal rotation velocity stands for a plasma rotation in the ion dia-
Figure 6 shows the spectra of the hot component and th@agnetic direction, while negative values stand for a rotation in the electron

cold component with the fine structure of these processesiamagnetic direction.

The hot component is obtained by subtracting the emission

of the background channéfiber 24 from that of CXS chan- v |ine and the thermal O line, which implies a large
nel (fiber 23 att=0.6 s, where the poloidal rotation velocity contribution by the Ovi line to the cold component. The

is small. The fitting curve of the hot component is given by mean wavelength of BKG channels depends on the fraction
multi-Gaussian fitting with a common Doppler width using of O vi and Cvi contributions to the cold component. It is 4
the intensity ratio of each component of the fine structure opm for the plasma where the @ contribution is reduced by
the bean{80 keV) C vi line. As shown in Fig. f), the cold  titanium (Ti) gettering.

component is well fitted by the fine structure of the thermal

;OZ keV) O vi I!ne, whlle there is a clear discrepancy in the V. MEASUREMENTS OF ION TEMPERATURE AND

itting curve using a fine structure of the thernt@l2 keV) POLOIDAL ROTATION PROEILES

Cvi line. This is because there is a difference of 0.012 nm in

the mean wavelength between the thermal dine and the Figure 8 shows the radial profiles of ion temperature and
thermal Ovi line. The mean wavelength is determined by thepoloidal rotation velocity measured with @ for LHD plas-
intensity ratio as well as by the wavelength of each compomas with a magnetic field of 1.5 T, central electron density
nent of the fine structure. Therefore the mean wavelengtf 1.0x 10'° m~2, and electron temperature of 1.1 keV. The
depends on the electron density of the plasma, because teentral ion temperature is 0.9 keV which is slightly lower
population of each sublevel is redistributed by tHemixing  than the central electron temperature. The magnetic axis is
and cascade effect. However, the dependence of the me#cated aR=3.84 m due to a finitg shift (R=3.75 m for a
wavelength on the plasma density is weak and the change Wacuum magnetic field The plasma edge is &=4.18 m.

the mean wavelength due to thenixing is much smaller Because the cross section between the NBI and the line of
than the differences in mean wavelength between the thermalght of CXS is restricted only &&= 3.8—4.2 m(the center

C vi line and the thermal Qv line as shown in Fig. 7. It of the NBI does not match the center of the plasma and it is
should be noted that the mean wavelength of the thermal ®=4.0 m at the poloidal cross section in the port for charge
VI line is longer than the mean wavelength of the beam C exchange spectroscopyhere is no measurement of the ion
line (529.055 nm by 3 pm, while that of the Qv line is  temperature inner half of the plasm@< 3.8 m). The radial
shorter than that of the beam\€ line by 9 pm. The mea- profiles of poloidal rotation velocity are calculated from the
sured difference in the mean wavelength between the CXS8ifference of the Doppler shift from the average of the
channel and BKG channel is8 pm and is consistent with nearby Doppler shift. At=0.4 s, the radial profile of the
the differences of the mean wavelength between the beam @bloidal rotation velocity has a peak ef4 km/s in the elec-
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tron diamagnetic directionnegative electric field at R 2R. J. Fonck, M. Finkenthal, R. J. Goldston, D. L. Herndon, R. A. Hulse, R.
=4.03 m, and the poloidal rotation is smalltat 0.6 s. As Kaita, and D. D. Meyerhofer, Phys. Rev. Let®, 737(1982.
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