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A space- and time-resolving vacuum ultravio{®tUV) spectrograph system has been applied to
diagnose impurity ions behavior in plasmas produced in the tandem mirror GAMMA 10 and the
reversed field pinch TPE-RX. We have carried out ray tracing calculations for obtaining the
characteristics of the VUV spectrograph and calibration experiments to measure the absolute
sensitivities of the VUV spectrograph system for the wavelength range from 100 to 1100 A. By
changing the incident angle, 50.6° —51.4°, to the spectrograph whose nominal incident angle is 51°,
we can change the observing spectral range of the VUV spectrograph. In this article, we show the
ray tracing calculation results and absolute sensitivities when the angle of incidence into the VUV
spectrograph is changed, and the results of VUV spectroscopic measurement in both GAMMA 10
and TPE-RX plasmas. @004 American Institute of PhysicEDOI: 10.1063/1.1789264

I. INTRODUCTION tics. This article describes the ray tracing calculation of the
é(_UV spectrograph and measured results on the absolute sen-

Spectroscopic measurements give us spatial and tempo- ° . .
P P g P psmvmes when we changed the angle of incidence for the

ral variations of spectral intensity of radiation from plasmas

in the wavelength ranges from visible to soft x-ray. These areVUV spectrograph. In GAMMA 10 and TPE-RX plasmas,

the key diagnostics to determine radiation power losses anttﬁ1ere are m_any impurity ion _emissions in this wavelength
y diag P range. The impurity spectra in GAMMA 10 and TPE-RX

impurity ion density profiles, which directly relate to impu- . .
rity transport, confinement, and sources in magnetically ConFrlc?gSgSt? have been measured by using this VUV spec-

fined plasmas-®> We have developed a space- and time-
resolving vacuum ultraviolefvVUV) spectrograph systeﬁ'ﬁ

that is applied to diagnose impurity ions behavior in plasmasl. VUV SPECTROGRAPH
produced in the tandem mirror GAMMA 10 and the reversed

. . 7 . . . ..
field pinch TPE-RX For guantitative analysis of emission The pressure inside the spectrograph is kept below 1

lines from the plasmas, it is important to characterize the>< 107 Torr by using two turbomolecular pumps. The VUV

absolute sensitivity of the spectrograph system th_roughout It§pectrograph can provide spatial and spectral distributions of
vyavelength range. we have_cgrned out ray tracing calcul plasma radiation in the wavelength range 150—-1050 A with
tions for obtaining characteristics of the VUV Spectrographnormal incidence configuration. It consists of an entrance slit

a_m_d. calibration experiments to measure the absolute Sensiy e height(100 umx 2 mm), an aberration-corrected
tivities of VUV spectrograph system for the wavelength concave grating with varied spacing grooveblitachi

range frqm 100 t.0 1100 A using a synchrotron at the Phqtorb/N001—O46§1which gives a flat-field spectral output plane,
Eactory in the High Energy Acc'elerator Research Organlzaénd an image-intensified two-dimensional detector system.
tion (KEK). By changing the incident angle, 50.6° -51.4° to The specifications of the grating are that a radius of curvature

the VUV sr?ectrogtrhaph t\;vhos_e nominatl ir|1cident anfglte;]is \E;llj\ils 500 mm, nominal groove density 1200 groove/mm, braze
we can change the observing spectral range ot the ngle 3.08°, and ruled area %88 mn¥, the nominal inci-

spectrograph. Absolute sensitivity measurements of the VU fent angle 51°, and the effective braze wavelength 600 A.

spectrograph with changing the angle of incidence hav?)ne can observe the upper half of the plasma with a field of

never been carried out. Therefore it is necessary to perforrview of about 25 cm diameter in GAMMA 10. while one can

that measurement. It is useful to observe the output SPeCUSserve the center chord of the plasma with a field of view of

by changing t.he qbserving wavelength range of thg VUVabout 18 cm in TPE-RX. The detector system consists of a
spectrograph in this wavelength range for plasma diagno

Sthicrochr:mnel—plr:lte intensified image detector assembly
(Hamamatsu F2814—23P, %®0 mn?) and an image-
dElectronic mail: yosikawa@prc.tsukuba.ac.jp recording camera. It is a high-speed solid-state carfieet-

Figure 1 shows the schematic of the VUV spectrograph.
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FIG. 1. Schematic view of the VUV spectrograph.

con MC9256 with a fast scanning controller. The frame rate ° 200 400 G0 800 1000 1200

with full image size, 25& 256 pixels, can be changed from FIG. 3. Absolute sensitivity of the VUV spectrograph for the first order
4 to 106 frame/s. Sequential space-resolving spectra can [gifracted light as a function of wavelength. Circles, squares, and diamonds

. . . . . __show the absolute sensitivities of incident angle of 50.6°, 51°, and 51.4°,
obtained in a single plasma shot with a temporal resolutlonrespectively.

IIl. RAY TRACINGS AND ABSOLUTE CALIBRATION

EXPERIMENT mated to be 4.2—4.4 mm. The spectral resolution is 2 A over

the full spectral range at the incident angle of 51°. When we
Detailed ray tracings have been performed to understanset the incident angles of 50.6° and 51.4°, the spatial resolu-
the spectrograph characteristics, especially that of spatial intions are almost the same as that of 51° and the spectral
aging in the practical geometric configuratijorT.he proce- resolutions are about 6 A, which is three times as bad as that
dure of ray tracing is as follows: A ray starting from a point of 51°.
source goes through a point on the opening of the entrance Absolute calibration experiments for the VUV spec-
slit and incidents on the grating at a point. The incident cotrograph have been performed by using the synchrotron ra-
sines are given from the incident ray angle and the directiomliation at PF in KEK(BL-11C and BL-12A. The incident
cosines of the diffracted ray are then calculated by using thehoton intensity was monitored just behind the entrance slit
light path function and Fermat's principle. Finally the image by using an absolutely calibrated extreme ultraviolet silicon
point can be obtained on the output focal plane. The lingohotodiode(IRD AXUV 100) and the output spectral image
source is subdivided into ten point sources and the openingias recorded on a high-speed camera. Measurements were
of the entrance slit is divided into more tharx7 points.  repeated for incident wavelength from 50 to 350 A with in-
After scanning rays for each point source and entrance sliervals of 10 A at BL-12A and from 300 to 1100 A with
point, we obtained a set of image points that shows the spedatervals of 20 A at BL-11C under the incident angles of
tral image of the line source. Ray tracings have been pe50.6°, 51°, and 51.4°. Recorded images were directly ana-
formed for an entrance slit 100m wide and 2 mm high, lyzed by using a personal computer. Figure 3 shows an ab-
and wavelengths in the region from 150 to 1100 A by changsolute sensitivity of the VUV spectrograph for the first order
ing the incident angle, 50.6°, 51°, and 51.4°. Figuresdiffracted light as a function of wavelength. Circles, squares,
2(a)-2(c) show the results of ray tracings corresponding toand diamonds show the absolute sensitivities of incident
incident angles of 50.6°, 51°, and 51.4°, respectively, wherangles of 50.6°, 51°, or 51.4°, respectively. The position of a
five line sources placed 5 cm apart are assumed. We cgeak(at 600 A) corresponds to the braze wavelength of the
make mapping the source position at the plasma on the derating used in this spectrograph. By changing the incident
tector plane from these results. The spatial resolution is estangle, 50.6°, 51°, and 51.4°, the observable spectral range of

(a) (b) (c)
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FIG. 2. Results of ray tracings of incident angle(af 50.6°,(b) 51°, and(c) 51.4°, respectively, where five line sources placed 5 cm apart are assumed.
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the VUV spectrograph is changed, 150-1020, 160-1060, 510° —
and 170—1090 A, respectively. The sensitivity against inci- i
dent angle variation is almost the same as that of the nominal
incident angle of 51°.
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IV. PLASMA SPECTROSCOPY [

We used the VUV spectrograph for plasma diagnostics el
in both GAMMA 10 and TPE-RX. In the tandem mirror
GAMMA 10, plasma confinement is achieved by not only a
magnetic mirror configuration but also high potentials at
both end regions. The potentials are produced by means of i
electron cyclotron resonance heating at the plug/barrier re- o L
gion. The main plasma confined in GAMMA 10 is produced 200 400 600 800 1000
and heated by the ion cyclotron range of frequency power Wavelength [ A ]
deposition. The electron density, electron temperature, and 510° r—r
ion temperature are about<210'? cmi 3, 80 eV, and 5 keV, i
respectivel)? The characteristics of the reversed field pinch
plasma device TPE-RX af®/a=1.72/0.45 m, wher® and
a are major and minor radii, respectivéli[he vacuum ves-
sel is made of stainless steel and the inner limiter made of
molybdenum is installed. The designed maximum plasma
currentl, and the pulse duration time are 1 MA and 100 ms,
respectively. The experimental conditions used here are as
follows: 1,=300 KA, the line averaged density as determined
by an interferometer is in the range of 52280 cm3,
which almost linearly scales with,, and the electron tem-
perature determined by the Thomson scattering system is in
the range of 100-500 eV.

We checked the observing spectral range of the VUV 500 400 600 500 —
spectrograph by changing the incident angle of 51° in
GAMMA 10 and 50.6° in TPE-RX plasma. Figure(a} Wavelength [A ]
shows the impurity line spectrum at the center of ther g, 4. (@) impurity line spectrum at the center of the GAMMA 10 plasma
GAMMA 10 plasma with the VUV spectrograph incident with the VUY spectrograph incident angle of 51° afi TPE-RX plasma
angle of 51°, while Fig. é) shows that of the TPE-RX Wwith the VUV spectrograph incident angle of 50.6°.
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