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A millimeter-wave optical system for plasma diagnostics for measuring the two-dimensional
distribution of electron density in the Tsukuba GAMMA 10 tandem mirror has been developed.
Two-dimensional images of plasma density of a cross-sectional area of &amMimm in the
machine axis direction were successfully measured with the optical system. The position at which
the present imaging system is installed corresponds to the plug region, and the plasma radius is
relatively narrow(less than 100 mjn Information about the density in the area is valuable in the
study of confining-potential formation. This optical system was developed for a millimeter-wave
phase-imaging interferometer and was designed with the ray tracing method to reduce aberration. It
was evaluated experimentally by measuring images of point sources and phase images of dielectric
targets. The receiving optical system from the plasma to detector array was designed with a spatial
resolution of 28.7 mm and a magnification of 0.30. Ray tracing indicated that the transverse
spherical aberration was 78% of the sampling interval of 5.0 mm on an image plane and that even
for the worst image point the distortion was 10% of the sampling interval. In the design of the
optical system for plasma diagnostics, the off-focus effect due to plasmé#sena diameter: 200

mm) with electron density profile is proposed and considered.2@2 American Institute of
Physics. [DOI: 10.1063/1.1473224

I. INTRODUCTION Experiment and the TEXT-Upgrad@!°but these results are
the two-dimensional profiles of only one cross-sectional
Nuclear fusion occurring at high temperatures and higharea. Since the density of the plug-cell plasharies axi-
plasma densities has been extensively studied for use ially as well as radially during the formation of the confining
power reactors. There is currently a considerable need fqsotential, it is essential to measure the time evolution of
accurate measurements of electron density profiles in magwo-dimensional profiles in the machine axis direction of the
netically confined plasma with both high spatial and highplasma, i.e., three-dimensional profiles. The previous optical
temporal resolutions, as the profile is directly related to bothsysten?® in the Tsukuba GAMMA 10 tandem mirrbr*?was
the equilibrium and stability of the plasma. Millimeter-wave limited to two-dimensional imaging in the machine axis di-
measurements are useful for plasma density diagnosticsection of ~30 mm, since the probe beam scattered by the
Conventional interferometers rely on the use of a single deplasma continued expanding inside the plasma vessel with-
tector with mechanical scanning or many detectors with mulout converging at the vacuum window, and additionally, ten
tichannel optical chords to obtain density profiles. The use ofenses were required to arrange the beam. To overcome this
multiple detectors in an imaging arrayyowever, does not restriction, we have designed a new optical system for the
require mechanical scanning or many optical componentSAMMA 10 device to measure two-dimensional distribution
and makes real-time imaging possible in one plasmaZhot. in the machine axis direction @200 mm. It consists of six
Two-dimensional density distributions of plasma crossmirrors and lenses in all and converges the scattered beam to
sections have been examined using a tomographic recopass the vacuum window. Parabolic and ellipsoidal mirrors
struction on the TEXTOR tokamdkthe UCLA Microtor  installed inside the vacuum vessel ease the restriction of the
tokamak;® the H-1 helical, the Microwave Tokamak view by the vacuum windows. Moreover, we considered the
off-focus effect in the case of imaging deep plasma with
dAuthor to whom correspondence should be addressed; on leave from Rgz_lectron density in the design of the new optical system. This
search Institute of Electrical Communication, Tohoku University, implies that it is necessary to consider the effect of the depth
Sendai 980-8577, Japan; electronic mail: k.watabe @aist.go.jp of focus to design an optical system for plasma diagnostics.

PPresent address: Japan Atomic Energy Research Institute, Naka-mach e plasma measurements we used a two-dimensional im-
Ibaraki-ken 311-0193, Japan. . .. .
9Present address: Advanced Science and Technology Center for Cooperati@®ing array consisting of 44, horn antennas, each with

Research, Kyushu University, Kasuga 816-8580, Japan. waveguides and beam-lead Schottky diode detectbrs.
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whereAxg is the spatial resolution of an amplitude image in
the case of coherent illumination, where it is assumed that
two object points are illuminated by the same phasis,the
refractive index of the objectplasma, Ay is the vacuum
wavelengthD is the aperture, andis the distance between
the object and the optical system. Then the distance between
the optical system and the image plane, the effedtiveim-
ber, and the focal length needed to yield the desired magni-
fication were calculated. Guidelines for the design of the
optical system are to have low loss and to produce a spheri-
) . o ) cal aberration smaller than the proper sampling interval for
FIG. 1. Schematic of the millimeter-wave phase imaging systemxEbis the 4X 4 imaging array that allows exact reconstruction of a
coincides with the machine axis, whete: 0 represents the midplane of the ™| . R . . ”
central cell. They axis coincides with the radial direction of the plasma. The diffraction-limited image and the distortion less than 10% of
zaxis coincides with the optical axig! andy’ axes coincide on the image the sampling interval. It was determined that an ellipsoidal
plane. mirror and two lenses would be necessary if these conditions
were to be satisfied. The receiving optical system, shown
The design concept of this optical system will be appliedinside the dashed lines in Fig. 1, from the plasma to the
to the large helical device in the National Institute for Fusionimaging array, has been designed with a spatial resolution of
Science, Japatf. The imaging system still uses mechanical 28.7 mm, a magnification of 0.30, and an effectivaumber
scanning of the imaging array but the number of scans negf 1.17 using the ray-tracing method to focus the plasma
essary for taking a two-dimensional image is greatly reducedcattered beam on the array. The reason the effeEtivem-
as a result of using the imaging array. Although most conter is low is to obtain a high-resolution system by using a
ventional millimeter-wave imaging has been one-small diffraction-limited sampling interval. The ellipsoidal
dimensional imaging, two-dimensional imaging is the wavemirror and a plane mirror located inside the plasma vessel
of the future. Millimeter-wave passive imaging has been atconverge the scattered beam inside the vessel to pass the
tracting attention in recent years, and the design techniqugacuum window of Teflorf21 cm long by 16 cm wide, with
used to fabricate the optical system described here can he=1.46, and the extended beam is focused through two
used for two-dimensional passive electron cyclotron emistow-density polyethylene {=1.51) lenses to construct an
sion imaging on plasmasand millimeter-wave passive ra- image on the imaging array. In this receiving optical system
diometric imaging for security measures such as contrabanghn ellipsoidal mirror produces the magnification of 0.55 and
detection® the two lensegdiameters of 240 mm for No. 1 and 160 mm
In this article, the optical system for this measurement iSor No. 2, with focal lengths of 343 and 140 mm, respec-
discussed. Section Il discusses the design of the receivingvely) yield a magnification of 0.55. An object plane located
optical system, Sec. Il discusses the experimental evaluatiogt the plasma center is 1.17 m away from the ellipsoidal
of the receiving optical system, and Sec. IV describes the usgiirror. The receiving optical system was designed to mini-
of the optical system to obtain two-dimensional line-densitymize the spherical aberration and the distortion on an image

Data processing Phase detection
system system

profiles. plane of 25¢20 mn?. The operation of the bending, which
changes the shape of the lens on condition that the focal
Il. DESIGN OF RECEIVING OPTICAL SYSTEM length is constant, has been carried out to minimize the

Figure 1 shows the fundamental configuration of the Op_spherical aberration. We used the shape factor as a parameter

tical system for a millimeter-wave two-dimensional phase-{© represent the lens shape
imaging interferometer. The object plasma for this interfer- roHry

ometer is GAMMA 10 at the University of Tsukuba. The q=——
plasma diameter is 200 mm and its line density is expected to

be on the order of 8 cm 2 through which 70 GHz has wherer, is the front-side radius of curvature, anglis the
been determined as the probe frequency. We assume that thack-side radius of curvature. The two aspheric lenses,
density profile is axisymmetric. The probe beam is expandewhose curvatures were conic sections, were used to mini-
in a parallel beam by a parabolic mirror resulting in efficientmize the distortion. The curvatures of the two lenses were
illumination of the upper half of the plasma. The two- designed to obtain the optimum shape factor-df0 and 0.5
dimensional area(x—-y plane to be measured is 83 and the optimum conic constant 0.9 and—1.5. The de-

X 67 mm. The receiving optical system has been designed teign of the optical system was checked by the three-
yield a specified spatial resolution and a magnification and ta@imensional ray tracing method. Figure 2 shows two-
minimize the spherical aberration and the distortion. First thalimensional ray tracing of the receiving optical system. The
diameters of the optical system have been determined to obefraction of the vacuum window of Teflom¢& 1.46) and
tain the desired resolution, which was calculated using Raythe beam splitter of low-density polyethylene= 1.51) was
leigh’s criterion for resolutiolf also taken into account in the design. Ray tracing indicates

2
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FIG. 2. Ray tracing of receiving optical system. 5 -3
§ ] e
that transverse spherical aberration is 78% of the sampling 2 -5 d T
interval and that even for the worst image point the distortion . s — T
is 10% of the sampling interval. The effectifenumber of 120 80 40 0 40 80 120

the whole system is 1.17, which determines the diffraction- Distance from center of the plasma, z (mm)

limited sampling interval g of 5.0 mm on the imaging array. g, 4. Measured points of a point source as a function of the source posi-

This was calculated by tion in a cross section of the plasma which corresponds=t869 cm. The
solid lines are the position of the ideal image. The dashed lines are the

E n position of the image obtained by the ray tracing method.
fO = 2)\0F ff, (3)
€
1 suggests that even if the image is off focus, it has little in-
Te==—¢, (4) fluence on the resultant phase image, since electron density
21, at the edge of the plasma is low.

wheren is the refractive index of the medium in which the

image is formed® The sampling interval corresponds to a !ll.- EXPERIMENTAL EVALUATION OF THE RECEIVING
plasma size of 16.7 mm. The image can be reconstructed t)?PT'CA'- SYSTEM

the Whittaker—Shannon sampling theor€h&ince the effec- The receiving optical system designed in Sec. Ill has

tive F number is smal(1.17) and the diameter of lens No. 1 peen evaluated experimentally at 70 GHz. Figure 4 shows
is large(240 mm), we must consider the effect of the depth the measured points of a point source as a distance from the
of focus (off focus). Figure 3 shows the calculated diameter center of the plasma. The coordinates are shown in Fig. 1.

of the circle of confusion on the image plane as a function ofrhe experimental results agree well with the results from the
off focus (the distance from the center of the plagm@so ray tracing method.
shown is the electron density profile which is assumed to be = The system has been tested to provide diffraction-limited
parabolic. Using the data shown in this figure, the phas@hase images using dielectric targets by the same method
change of the integral of the electron density due to inferiofysed by Younget al?° Figures %a) and 5b) show the two-
resolution(increase of circle of confusigrhas been calcu- dimensional image of a Teflon plate 10.1 mm long, 10.1 mm
lated to be less than 10% of the ideal phase change. Th\ﬁ|de, and 1.5 mm thick, with a refractive index of
=1.46. The location of the Teflon plate corresponds to the

Backward object depth (-z) west plug cell in the GAMMA 10 tandem mirror where the

Forward object depth (+2)

Electron density

———

Diameter of circle of confusion (in Tg)
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0.5
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(=4

imaging system was installed. The solid curves in the figures
show the theoretical phase shift as a continuous function of
space, and the dashed curves were calculétsihg the
Whittaker—Shannon sampling theorefrom the data mea-
sured experimentally. The images have phases that drop be-
low zero, because of the imaging of the targets with sharp
edges over the resolution of the optical system. Although the
measured data have errors of abat® because of the read-
out error, the similarity of the experimental and calculated
results for both phase shift and magnification verifies the
validity of this two-dimensional imaging system.

IV. PLASMA MEASUREMENTS

The designed receiving optical systéFig. 1) has been
applied to measure the plasma line density profile in the

FIG. 3. Theoretical diameter of the circle of confusion as a function of theGAMMA 10 at the University of Tsukuba. An IMPATT os-
position of an object point in the plasma. The diameter is normalized by the_. e 10 .
detector interval. The electron density is also indicafiedis the sampling cillator (Millitech, IDO-12-R27NBN with & 500 mW output

interval of 5.0 mm on the imaging array ane(0) is the electron density at &t 69-8_5 GHZ_ was Use_d as the p_mbe be?m- The_pmbe beam
the center of the plasma. was mixed with a longitudinal opticdLO) signal which was
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=150 ms after the plasma buildup= — 7.0 coincides with the center of the
plasma.

FIG. 5. Phase images of a test dielectric bar wihhorizontal direction
(x") and(b) vertical direction ¢') of a two-dimensional image.

provided by another IMPATT oscillatdiMillitech, IDO-12-

R27NBN) with an output of 500 mW. The IF frequency used When the ECRH power is applied, the plug potential is
was 150 MHz. The LO oscillator also provides a signal to becreated near the position af=962 cm where the magnetic
mixed with the probe beam to obtain the reference signalffield strength equals 1 T. At the region o962 cm, where
The quadrature-type detection sysfeprovides the phase the imaging system is installed, the loss particldensity
difference between the two IF signals, with the phase differwill decrease due to the formation of the plug potential. Fig-
ence being proportional to the line density of the plasma. Theire 6 shows the two-dimensional line-density profiles ob-
detector array used was the imaging array consisting of 4ained before and during the ECRH application, respectively,
X4, horn antennas with a unit aperture of LgX 2.1\, and six shots with good reproducibility and mechanical scan-
each with waveguide$0.36)\,x0.72\, cutoff frequency ning shot-to-shot of the ¥4 imaging array are used to ob-
of 48 GH2 and beam-lead Schottky-diode detectbfthe  tain the two-dimensional image. The size of the plasma (83
waveguides are used as cutoff high pass filters, since th&67 mm) corresponds to »5 pixels on the image plane.
power of the microwaveg28 GH2 for heating plasma is For clarity, the images shown in Fig. 6 have been composed
about 150 kW and incident power to the detector is about Df 26X 9 pixels by inserting four pixels in thgdirection and

W and it is necessary to reduce it to belowulV. At the  one pixel in thex direction with the sampling theorem and
other end of the waveguides the beam-lead Schottky diodeasterpolating linearly. The variation of the profile in the
were bonded to 44 bow-tie antennas, which were mono- direction is caused by the change of the magnetic field.
lithically fabricated on a fused-quartz substrate of 38.1lt is noted that the density profile in the core region
% 38.1 mnt. The ion cyclotron range of frequency powers (r<—2.3 cm) decreases during the injection of the ECRH
with frequencies of 9.9 and 10.3 MHRF1) and 6.36 MHz  power. This region corresponds to that of the effective con-
(RF2 are employed to build up a plasma and heat ions folfining potential which coincides with the radial profile of the
lowing gun-produced plasma injection. In the plug/barrierplug-ECRH power deposition. It is also noted that a second
cell, two separate 28 GHz gyrotrons are used to heat thmaximum appeared at positiong=-2.0cm and X
plasma. Fundamental electron-cyclotron-resonance heating967 cm as shown in Fig.(6). The strong ECRH power for
(ECRH) in the plug region and second-harmonic ECRH inpotential formation produces the radial electric field in the
the barrier region produce warm and hot electrons, which arplasma, and some kinds of diffusion occur in the periphery
necessary for effective formation of thermal barrier and conwhere the electric field is strong to modify the density dis-
fining (plug) potentials. tribution. The phase resolution of the interferometer esti-
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