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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 83 mm367 mm 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 mm!. 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 plasma size~plasma diameter: 200
mm! with electron density profile is proposed and considered. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1473224#
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I. INTRODUCTION

Nuclear fusion occurring at high temperatures and h
plasma densities has been extensively studied for us
power reactors. There is currently a considerable need
accurate measurements of electron density profiles in m
netically confined plasma with both high spatial and hi
temporal resolutions, as the profile is directly related to b
the equilibrium and stability of the plasma. Millimeter-wav
measurements are useful for plasma density diagnos
Conventional interferometers rely on the use of a single
tector with mechanical scanning or many detectors with m
tichannel optical chords to obtain density profiles. The use
multiple detectors in an imaging array,1 however, does no
require mechanical scanning or many optical compone
and makes real-time imaging possible in one plasma sho2,3

Two-dimensional density distributions of plasma cro
sections have been examined using a tomographic re
struction on the TEXTOR tokamak,4 the UCLA Microtor
tokamak,5,6 the H-1 helical,7 the Microwave Tokamak
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Experiment,8 and the TEXT-Upgrade,9,10 but these results are
the two-dimensional profiles of only one cross-sectio
area. Since the density of the plug-cell plasma11 varies axi-
ally as well as radially during the formation of the confinin
potential, it is essential to measure the time evolution
two-dimensional profiles in the machine axis direction of t
plasma, i.e., three-dimensional profiles. The previous opt
system2,3 in the Tsukuba GAMMA 10 tandem mirror11,12was
limited to two-dimensional imaging in the machine axis d
rection of '30 mm, since the probe beam scattered by
plasma continued expanding inside the plasma vessel w
out converging at the vacuum window, and additionally, t
lenses were required to arrange the beam. To overcome
restriction, we have designed a new optical system for
GAMMA 10 device to measure two-dimensional distributio
in the machine axis direction of'200 mm. It consists of six
mirrors and lenses in all and converges the scattered bea
pass the vacuum window. Parabolic and ellipsoidal mirr
installed inside the vacuum vessel ease the restriction of
view by the vacuum windows. Moreover, we considered
off-focus effect in the case of imaging deep plasma w
electron density in the design of the new optical system. T
implies that it is necessary to consider the effect of the de
of focus to design an optical system for plasma diagnost
In the plasma measurements we used a two-dimensiona
aging array consisting of 434, horn antennas, each wit
waveguides and beam-lead Schottky diode detectors.3,13
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The design concept of this optical system will be appl
to the large helical device in the National Institute for Fusi
Science, Japan.14 The imaging system still uses mechanic
scanning of the imaging array but the number of scans n
essary for taking a two-dimensional image is greatly redu
as a result of using the imaging array. Although most c
ventional millimeter-wave imaging has been on
dimensional imaging, two-dimensional imaging is the wa
of the future. Millimeter-wave passive imaging has been
tracting attention in recent years, and the design techn
used to fabricate the optical system described here ca
used for two-dimensional passive electron cyclotron em
sion imaging on plasmas15 and millimeter-wave passive ra
diometric imaging for security measures such as contrab
detection.16

In this article, the optical system for this measuremen
discussed. Section II discusses the design of the recei
optical system, Sec. III discusses the experimental evalua
of the receiving optical system, and Sec. IV describes the
of the optical system to obtain two-dimensional line-dens
profiles.

II. DESIGN OF RECEIVING OPTICAL SYSTEM

Figure 1 shows the fundamental configuration of the
tical system for a millimeter-wave two-dimensional phas
imaging interferometer. The object plasma for this interf
ometer is GAMMA 10 at the University of Tsukuba. Th
plasma diameter is 200 mm and its line density is expecte
be on the order of 1012 cm22 through which 70 GHz has
been determined as the probe frequency. We assume tha
density profile is axisymmetric. The probe beam is expan
in a parallel beam by a parabolic mirror resulting in efficie
illumination of the upper half of the plasma. The tw
dimensional area~x–y plane! to be measured is 83
367 mm. The receiving optical system has been designe
yield a specified spatial resolution and a magnification an
minimize the spherical aberration and the distortion. First
diameters of the optical system have been determined to
tain the desired resolution, which was calculated using R
leigh’s criterion for resolution17

FIG. 1. Schematic of the millimeter-wave phase imaging system. Thex axis
coincides with the machine axis, wherex50 represents the midplane of th
central cell. They axis coincides with the radial direction of the plasma. T
z axis coincides with the optical axis.x8 andy8 axes coincide on the image
plane.
Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject to AI
l
c-
d
-

-
e
t-
ue
be
-

nd

s
ng
on
se
y

-
-
-

to

the
d

t

to
to
e
b-
y-

DxR51.72
l0

nD
z, ~1!

whereDxR is the spatial resolution of an amplitude image
the case of coherent illumination, where it is assumed t
two object points are illuminated by the same phase,n is the
refractive index of the object~plasma!, l0 is the vacuum
wavelength,D is the aperture, andz is the distance betwee
the object and the optical system. Then the distance betw
the optical system and the image plane, the effectiveF num-
ber, and the focal length needed to yield the desired ma
fication were calculated. Guidelines for the design of t
optical system are to have low loss and to produce a sph
cal aberration smaller than the proper sampling interval
the 434 imaging array that allows exact reconstruction o
diffraction-limited image and the distortion less than 10%
the sampling interval. It was determined that an ellipsoi
mirror and two lenses would be necessary if these conditi
were to be satisfied. The receiving optical system, sho
inside the dashed lines in Fig. 1, from the plasma to
imaging array, has been designed with a spatial resolutio
28.7 mm, a magnification of 0.30, and an effectiveF number
of 1.17 using the ray-tracing method to focus the plas
scattered beam on the array. The reason the effectiveF num-
ber is low is to obtain a high-resolution system by using
small diffraction-limited sampling interval. The ellipsoida
mirror and a plane mirror located inside the plasma ves
converge the scattered beam inside the vessel to pass
vacuum window of Teflon~21 cm long by 16 cm wide, with
n51.46!, and the extended beam is focused through t
low-density polyethylene (n51.51) lenses to construct a
image on the imaging array. In this receiving optical syst
an ellipsoidal mirror produces the magnification of 0.55 a
the two lenses~diameters of 240 mm for No. 1 and 160 m
for No. 2, with focal lengths of 343 and 140 mm, respe
tively! yield a magnification of 0.55. An object plane locate
at the plasma center is 1.17 m away from the ellipsoi
mirror. The receiving optical system was designed to mi
mize the spherical aberration and the distortion on an im
plane of 25320 mm2. The operation of the bending, whic
changes the shape of the lens on condition that the fo
length is constant, has been carried out to minimize
spherical aberration. We used the shape factor as a param
to represent the lens shape17

q5
r 21r 1

r 22r 1
, ~2!

wherer 1 is the front-side radius of curvature, andr 2 is the
back-side radius of curvature. The two aspheric lens
whose curvatures were conic sections, were used to m
mize the distortion. The curvatures of the two lenses w
designed to obtain the optimum shape factor of21.0 and 0.5
and the optimum conic constant of20.9 and21.5. The de-
sign of the optical system was checked by the thr
dimensional ray tracing method. Figure 2 shows tw
dimensional ray tracing of the receiving optical system. T
refraction of the vacuum window of Teflon (n51.46) and
the beam splitter of low-density polyethylene (n51.51) was
also taken into account in the design. Ray tracing indica
P license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



lin
io

on
.

e
a

d

1
th
e
o

b
as
rio
-
Th

in-
nsity

as
ws
the

. 1.
the

ted
thod

m

the
e
res

of

be-
arp
the
-
ed
the

the
-

eam

th
th

t

osi-

the
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that transverse spherical aberration is 78% of the samp
interval and that even for the worst image point the distort
is 10% of the sampling interval. The effectiveF number of
the whole system is 1.17, which determines the diffracti
limited sampling intervalTE of 5.0 mm on the imaging array
This was calculated by

f 0
E5

n

2l0Feff
, ~3!

TE5
1

2 f 0
E , ~4!

wheren is the refractive index of the medium in which th
image is formed.18 The sampling interval corresponds to
plasma size of 16.7 mm. The image can be reconstructe
the Whittaker–Shannon sampling theorem.19 Since the effec-
tive F number is small~1.17! and the diameter of lens No.
is large~240 mm!, we must consider the effect of the dep
of focus ~off focus!. Figure 3 shows the calculated diamet
of the circle of confusion on the image plane as a function
off focus ~the distance from the center of the plasma!. Also
shown is the electron density profile which is assumed to
parabolic. Using the data shown in this figure, the ph
change of the integral of the electron density due to infe
resolution~increase of circle of confusion! has been calcu
lated to be less than 10% of the ideal phase change.

FIG. 2. Ray tracing of receiving optical system.

FIG. 3. Theoretical diameter of the circle of confusion as a function of
position of an object point in the plasma. The diameter is normalized by
detector interval. The electron density is also indicated.TE is the sampling
interval of 5.0 mm on the imaging array andne(0) is the electron density a
the center of the plasma.
Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject to AI
g
n

-

by

r
f

e
e
r

is

suggests that even if the image is off focus, it has little
fluence on the resultant phase image, since electron de
at the edge of the plasma is low.

III. EXPERIMENTAL EVALUATION OF THE RECEIVING
OPTICAL SYSTEM

The receiving optical system designed in Sec. III h
been evaluated experimentally at 70 GHz. Figure 4 sho
the measured points of a point source as a distance from
center of the plasma. The coordinates are shown in Fig
The experimental results agree well with the results from
ray tracing method.

The system has been tested to provide diffraction-limi
phase images using dielectric targets by the same me
used by Younget al.20 Figures 5~a! and 5~b! show the two-
dimensional image of a Teflon plate 10.1 mm long, 10.1 m
wide, and 1.5 mm thick, with a refractive index ofn
51.46. The location of the Teflon plate corresponds to
west plug cell in the GAMMA 10 tandem mirror where th
imaging system was installed. The solid curves in the figu
show the theoretical phase shift as a continuous function
space, and the dashed curves were calculated~using the
Whittaker–Shannon sampling theorem! from the data mea-
sured experimentally. The images have phases that drop
low zero, because of the imaging of the targets with sh
edges over the resolution of the optical system. Although
measured data have errors of about65° because of the read
out error, the similarity of the experimental and calculat
results for both phase shift and magnification verifies
validity of this two-dimensional imaging system.

IV. PLASMA MEASUREMENTS

The designed receiving optical system~Fig. 1! has been
applied to measure the plasma line density profile in
GAMMA 10 at the University of Tsukuba. An IMPATT os
cillator ~Millitech, IDO-12-R27NBN! with a 500 mW output
at 69.85 GHz was used as the probe beam. The probe b
was mixed with a longitudinal optical~LO! signal which was

e
e

FIG. 4. Measured points of a point source as a function of the source p
tion in a cross section of the plasma which corresponds tox5869 cm. The
solid lines are the position of the ideal image. The dashed lines are
position of the image obtained by the ray tracing method.
P license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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provided by another IMPATT oscillator~Millitech, IDO-12-
R27NBN! with an output of 500 mW. The IF frequency use
was 150 MHz. The LO oscillator also provides a signal to
mixed with the probe beam to obtain the reference sig
The quadrature-type detection system3 provides the phase
difference between the two IF signals, with the phase dif
ence being proportional to the line density of the plasma. T
detector array used was the imaging array consisting o
34, horn antennas with a unit aperture of 1.1l032.1l0 ,
each with waveguides~0.36l030.72l0 , cutoff frequency
of 48 GHz! and beam-lead Schottky-diode detectors.9 The
waveguides are used as cutoff high pass filters, since
power of the microwave~28 GHz! for heating plasma is
about 150 kW and incident power to the detector is abou
W and it is necessary to reduce it to below 1mW. At the
other end of the waveguides the beam-lead Schottky dio
were bonded to 434 bow-tie antennas, which were mon
lithically fabricated on a fused-quartz substrate of 38
338.1 mm2. The ion cyclotron range of frequency powe
with frequencies of 9.9 and 10.3 MHz~RF1! and 6.36 MHz
~RF2! are employed to build up a plasma and heat ions
lowing gun-produced plasma injection. In the plug/barr
cell, two separate 28 GHz gyrotrons are used to heat
plasma. Fundamental electron-cyclotron-resonance hea
~ECRH! in the plug region and second-harmonic ECRH
the barrier region produce warm and hot electrons, which
necessary for effective formation of thermal barrier and c
fining ~plug! potentials.

FIG. 5. Phase images of a test dielectric bar with~a! horizontal direction
(x8) and ~b! vertical direction (y8) of a two-dimensional image.
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When the ECRH power is applied, the plug potential
created near the position ofz5962 cm where the magneti
field strength equals 1 T. At the region ofz>962 cm, where
the imaging system is installed, the loss particles~density!
will decrease due to the formation of the plug potential. F
ure 6 shows the two-dimensional line-density profiles o
tained before and during the ECRH application, respectiv
and six shots with good reproducibility and mechanical sc
ning shot-to-shot of the 434 imaging array are used to ob
tain the two-dimensional image. The size of the plasma
367 mm) corresponds to 635 pixels on the image plane
For clarity, the images shown in Fig. 6 have been compo
of 2639 pixels by inserting four pixels in they direction and
one pixel in thex direction with the sampling theorem an
interpolating linearly. The variation of the profile in thex
direction is caused by the change of the magnetic fie
It is noted that the density profile in the core regio
(r<22.3 cm) decreases during the injection of the ECR
power. This region corresponds to that of the effective c
fining potential which coincides with the radial profile of th
plug-ECRH power deposition. It is also noted that a seco
maximum appeared at positionsy522.0 cm and x
5967 cm as shown in Fig. 6~b!. The strong ECRH power for
potential formation produces the radial electric field in t
plasma, and some kinds of diffusion occur in the periph
where the electric field is strong to modify the density d
tribution. The phase resolution of the interferometer e

FIG. 6. Measured spatial distribution of the line density at the west-p
cell in the GAMMA 10 tandem mirror at:~a! t5140 ms and~b! t
5150 ms after the plasma buildup.y527.0 coincides with the center of the
plasma.
P license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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mated from the fringe noise of the trace is less than 1/
fringe, where one fringe is equal to the line density of 5
31013 cm22 at 70 GHz.

The plasma diameter in the central cell of the GAMM
10 is about 380 mm, and the density distribution using
conventional scanning interferometer was completed by
measured data of 30 mm intervals and 12–13 shots w
good reproducibility. Therefore, the spatial resolution in t
central cell is 30 mm. On the other hand, since the plas
diameter in the plug region is determined by the square
of the magnetic-field strength ratio, it is about 200 mm d
to the ratio being about 1/1.8 of that at the central cell so t
the desired resolution in the plug region is about 17 mm. T
resolution of 28.7 mm of this optical system appears to
slightly low for the plug region, although it is sufficient fo
the central cell. If the diameters of all the optical compone
of the system increase 1.7-fold and the number of pix
increases 1.7-fold, obtaining the desired spatial resolution
the plasma should be possible.
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