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RECENT ADVANCEMENTS IN MICROWAVE IMAGING PLASMA 
DIAGNOSTICS 

H. Park1, C.C. Chang2, B.H. Deng2, C.W. Domier2, A.J.H. Donné3, K. Kawahata4, C. Liang2, 
X.P. Liang2, H.J. Lu2, N.C. Luhmann, Jr.2, A. Mase5, H. Matsuura6, E. Mazzucato1, A. Miura6, 
K. Mizuno7, T. Munsat1, K. and Y. Nagayama4, M.J. van de Pol3, J. Wang2, and Z.G. Xia2, W-K. 
Zhang2 

ABSTRACT 

Significant advances in microwave and millimeter wave technology over the past decade 

have enabled the development of a new generation of imaging diagnostics for current and 

envisioned magnetic fusion devices. Prominent among these are revolutionary microwave 

electron cyclotron emission imaging (ECEI), microwave phase imaging interferometers, imaging 

microwave scattering and microwave imaging reflectometer (MIR) systems for imaging Te and 

ne fluctuations (both turbulent and coherent) and profiles (including transport barriers) on 

toroidal devices such as tokamaks, spherical tori and stellarators. The diagnostic technology is 

reviewed, and typical diagnostic systems are analyzed. Representative experimental results 

obtained with these novel diagnostic systems are also presented. 
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1. INTRODUCTION 

The problem of anomalous transport in magnetized plasmas and its relationship to small 

amplitude microturbulence continues to be of critical importance to a basic physics 

understanding as well as the eventual realization of magnetic fusion energy. Recently, significant 

experimental progress has been made in suppressing microturbulence in either the plasma edge, 

some internal regions, or both to form transport barriers, thereby achieving various high 

confinement modes of operation. Also, theoretical understanding of plasma turbulence and 

anomalous transport has been greatly enriched with the help of the rapid advancement of 

computer technology, which, for example, has made it possible in extensive computer 

simulations to reveal elegant three-dimensional (3-D) structures of plasma turbulence1-4. 

However, the behavior of the turbulence process(es) remains poorly understood experimentally, 

which prevents the advent of efficient means of turbulence suppression and improvement of 

plasma confinement. This is primarily due to the difficulty in diagnosing the small amplitude 

fluctuations in the high temperature plasma core5. Among the equally important fluctuation 

quantities of plasma density ( ,e in% ), temperature ( ,e iT% ), potential (ϕ~ ), and magnetic field ( B
~

), en~  

was the only fluctuation quantity that had been extensively diagnosed by various techniques, 

including microwave and far infrared scattering, probes, reflectometry, phase contrast imaging, 

and heavy ion beam probes. Information regarding eT
~

 in the plasma core region was not 

available until the introduction of intensity interferometric techniques into the ECE diagnostic in 

1993 6. More importantly, plasma turbulence imaging diagnostics were not available until quite 

recently, and are currently still in an early stage of development. Furthermore, quantitative 

analysis of the limitations7,8 in conventional reflectometry supported by experiments has guided 
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us to develop an imaging system based on reflectometry.  Therefore, it is not surprising to learn 

that it has been impossible to verify or reject the predictions of computer simulations based on 

the limited experimental data. Of equal importance is the need for detailed study of plasma 

filamentation and the formation of internal transport barriers, which often appear to have fine 

scale structures in profiles, and therefore require high spatial and temporal resolution 

measurements9. Numerous studies have stressed the need for high resolution imaging 

diagnostics, which will ultimately permit the visualization of these complicated 2-D and 3-D 

structures of both electron temperature and density. 

Fortunately, the combination of the applicability of the microwave/millimeter wave portion 

of the spectrum to several important plasma diagnostic techniques (scattering, reflectometry, 

electron cyclotron emission/absorption, and interferometry/polarimetry) together with recent 

revolutionary advances in microwave technology have made this possible for the first time. The 

general principles of the above diagnostic techniques can be found in a number of references5, 10-

14. The focus and emphasis of this paper will therefore primarily be on the dramatic 

breakthroughs which are occurring in electron cyclotron emission imaging (ECEI), microwave 

imaging reflectometry (MIR), and imaging interferometry together with the emerging technique 

of cross-polarization scattering and imaging microwave scattering. 

2. ELECTRON CYCLOTRON EMISSION IMAGING (ECEI) 

In magnetized plasmas, the gyro motion of electrons results in plasma radiation at the 

electron cyclotron frequency ece meB /=ω  and its harmonics. Here, B is the magnetic field 

strength, e is the electron charge, and me is the kinetic electron mass. When the plasma density 



Invited Review Article: Review of Scientific Instruments, 2002 

 4

and temperature are sufficiently high, the plasma becomes optically thick to some harmonics of 

the electron cyclotron emission (ECE), usually, the first harmonic ordinary mode and the second 

harmonic extraordinary mode13,15. The radiation intensity of optically thick ECE harmonics 

reaches that of black body radiation, i.e., 

)8()( 232 cTI e πωω =       (1) 

Therefore, the plasma electron temperature and its fluctuations can be diagnosed by measuring 

the intensity of ECE. 

For contemporary magnetic fusion devices such as tokamaks, the magnetic field is several 

Tesla, so that the ECE radiation is in the millimeter wave range. The typical range of frequencies 

for second harmonic ECE radiation is shown in Fig. 1, which is a plot of the characteristic 

frequencies for the TEXTOR-94 device. This is seen to cover the range of 100-150 GHz or the 

so-called W- and D- waveguide bands. It is noted that the ECE frequency is a monotonically 

decreasing function of plasma radius towards the outboard side, originating from the magnetic 

configuration of tokamaks, in which the magnetic field strength depends on the plasma minor 

radius as 

)()( 000 rRRBrB +=       (2) 

where R0 and r are the major radius and minor radius of the tokamak, respectively. In a 

conventional ECE radiometer, a horn antenna receives the ECE radiation at the out board side, 

which is separated into different frequency bands, each corresponding to a different horizontal 

location in the plasma. Thus, time resolved 1-D Te profiles can be obtained. 
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An ECE radiometer has a resolution limit due to the intrinsic radiation noise given by Ref. 16 

ωτ∆+=∆ )( nerms TTT       (3) 

where Te is the electron temperature to be measured, Tn (<< Te) is the system noise temperature, 

ω∆  is the bandwidth of the radiation to be collected, and τ is the integration time. For a typical 

ECE radiometer, the bandwidth is designed to be around 0.5 GHz based on spatial resolution 

considerations; thus, the relative temperature resolution limit is about 1-3% with a frequency 

response of 250 kHz. As the relative fluctuation amplitude of microturbulence is typically < 1%, 

the intrinsic radiation noise of an ECE radiometer usually predominates. 

Despite the above, the spectra as well as the root-mean-square (rms) values of turbulent Te 

fluctuations can be measured by applying intensity interferometric techniques to the ECE 

signals6, 17-26. The key is to obtain two signals that have uncorrelated radiation noise, so that the 

cross coherence of the two signals is18 
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Here, c1 and c2 are constant sensitivity coefficients of the detection system channels. If the two 

signals are from the same plasma volume, 21 ee TT = , so that local values of eT
~

 can be obtained. 

If the two signals are from poloidally or radially separated plasma volumes, the poloidal or radial 
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wavenumber spectra and correlation lengths can be measured. A variety of intensity 

interferometric techniques are reviewed in Ref. 19, and will not be discussed in detail in this 

review. The particular techniques utilized in our ECE imaging diagnostics will be described 

briefly later in this section. 

The need for the first ECE imaging diagnostic was clearly demonstrated through experiments on 

the TEXT-U tokamak. When the first eT
~

data from the plasma core were available, it was found 

that critical information such as the poloidal wavenumber and correlation length could not be 

obtained using conventional ECE radiometers. In addition, the relatively poor spatial resolution 

of conventional ECE has limited its sensitive wavenumber spectral range due to sample volume 

effects 17,18,27. These problems were solved when the high spatial resolution ECE imaging 

diagnostic was developed and implemented on TEXT-U, which measured the poloidal 

wavenumbers, statistical dispersion relations, and poloidal correlation lengths of electron 

temperature fluctuations in the plasma core for the first time23,28. An ECEI system was 

subsequently developed for the RTP tokamak29, and more recently implemented on TEXTOR-

9430. ECE imaging systems have now also been developed and installed on mirror machines and 

stellarators31,32. Shown in Fig. 2 is a schematic diagram outlining the principle of ECE imaging. 

Second harmonic, extraordinary mode electron cyclotron radiation is collected and imaged onto 

a mixer/receiver array comprised of planar antennas with integrated Schottky diodes. This 

arrangement has the advantages of wide radio frequency (RF) and intermediate frequency (IF) 

bandwidths, ease of fabrication, and low cost. The elements of the array are aligned along the E 

field (vertical) direction to collect second harmonic X-mode radiation. In the Imaging Array 

Development section of this review, a variety of possible implementations are described. An 

array of sample volumes in the plasma, aligned along the vertical direction, is imaged onto the 
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array. In the case of a tokamak plasma, there is a one-to-one mapping of the electron cyclotron 

frequency to the major radius due to the monotonic variation of the magnetic field (Eq. 2). This 

allows the ECEI focal plane to be swept through the plasma by sweeping the receiver frequency 

of the array. Using a 1-D detector array, one is then able to obtain 2-D images of the electron 

temperature profile over the minor plasma cross section. The ECEI system as configured for the 

initial RTP tests is shown in Fig. 3. The system shared the same port as the Thomson scattering 

system thereby providing a convenient calibration check. In the various ECEI systems, the 

sample volumes were essentially 1.2 cm cubes (diameters at 1/e power) and were capable of 

resolving temperature fluctuations with a wavenumber range of k< 2.8 cm-1 26. 

As noted above, high-resolution measurement of profiles is critical for the understanding of 

the physics of plasma filamentation and the formation of internal transport barriers to name just 

two examples25. Figure 4 is a representative high spatial resolution measurement of Te profiles in 

the RTP tokamak. During off-axis ECRH, an m=2 mode is observed to be localized at the 

sawtooth inversion radius (r~3.5 cm), with a radial extent of less than 2 cm.  This mode is very 

stable, and can survive the sawtooth crashes.  Figures 5 and 6 illustrate initial ECEI data obtained 

on TEXTOR-94 in tests of the prototype version of the instrument. 

As discussed above, turbulent temperature fluctuations are measured with ECEI using the 

technique of intensity interferometry6, 17-26. The key issue is to obtain two signals, which have 

uncorrelated thermal fluctuations, or radiation noise. This decorrelated intrinsic noise can then be 

averaged out in statistical analysis to reveal the usually smaller plasma Te fluctuations due to 

plasma instabilities, as the latter have different coherence properties from the thermal 

fluctuations. One of the techniques is illustrated in Fig. 7. Due to the natural line width of ECE 
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radiation13, each frequency band corresponds to an extended plasma volume thickness along the 

measurement sight line. When the frequency bands are close to each other, the plasma volumes 

will be mostly overlapped, with their separation much less than the correlation length of 

turbulent fluctuations. Therefore, the two resultant signals have essentially the same temperature 

fluctuation. However, once the filters have sufficient isolation, i.e., more than –20 dB at the cross 

point, the radiation noise of the two signals are uncorrelated17. The cross correlation between the 

two signals then yields the local values of the temperature fluctuations17-33. Another technique is 

illustrated in Fig. 8. Because distinct plasma volumes have uncorrelated radiation noise, the 

signals from two such volumes can be cross-correlated (provided their separation is not too much 

larger than the fluctuation correlation length) to determine the wave dispersive properties. Shown 

in Fig. 9 is an example of the cross power spectral density and the statistical dispersion relation 

of Te fluctuations measured by the ECEI system in RTP25. Usually, two modes can be identified 

in the fluctuation spectra. The low frequency mode is attributed to MHD activity, while the high 

frequency mode has wider bandwidth and is attributed to turbulent fluctuations. In this example, 

the turbulent mode is propagating in the ion diamagnetic drift direction, and is believed to be due 

to the ion temperature gradient instability25. Another example is shown in Fig. 10, which is a 2D 

image of the fluctuation amplitude, measured on a shot to shot basis in RTP25. It is seen that 

turbulence is not uniformly distributed over the plasma cross-section. Instead, prominent peaks 

are seen in the plasma confinement region, which may be related to the coherent structures 

predicted by theory34,35. Of particular interest are the peaks of both MHD and turbulence in the 

tokamak midplane, outside the q = 2 radius, in both the high and low field side24,25,35. This 

experimental finding is not expected from current theory. 
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In the ECEI system under development for TEXTOR-94, a multi-frequency heterodyne 

receiver is constructed for each of the imaging channels, so that 2-D maps of Te profiles and 

fluctuations can be obtained in a single discharge, unlike the previous 1-D systems implemented 

on TEXT-U and RTP, in which successive discharges with varying toroidal B-field conditions or 

LO frequency were required26. This new ECEI diagnostic represents a breakthrough in 2-D 

electron temperature profile and fluctuation measurements. For the study of eT%  turbulence, the 

instrument makes it possible to simultaneously and unambiguously measure kr and kθ, which is 

essential for mode identification. In the case of Te profiles and coherent mode phenomena such 

as MHD and sawteeth, this will allow direct observation of island/filament rotation without the 

assumption of rigid body rotation. The 2-D mapping also makes it considerably easier to overlap 

with MIR sample volumes for correlation studies between eT
~

 and en~  fluctuations. 

More recently, an ECEI instrument has been developed for use on the large helical device 

(LHD) at the National Institute for Fusion Science (NIFS) in Japan31,32. The frequency of the 

second-harmonic ECE on LHD ranges from 120 GHz to 180 GHz. In order to cover this 

frequency range, a novel detector array using monolithic microwave integrated circuit (MMIC) 

technology was designed and fabricated and is described in the technology section of this paper. 

Figures 11 and 12 show the schematic of the experimental arrangement. An ellipsoidal mirror 

and a plane mirror located inside the vacuum vessel converge the ECE signals to pass through a 

192 mm diameter fused-quartz vacuum window.  The signals are subsequently imaged onto a 

detector array. An object plane located at the plasma center is 2.7 m in front of the ellipsoidal 

mirror. The Airy pattern of a point source is measured in order to confirm the performance of the 

optical system along the x and y-axes. Here, a 140 GHz source is located at the position 
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corresponding to the plasma center and the source is imaged onto the detector array. The Airy 

patterns in the horizontal and vertical planes are shown in Fig. 13.  The results are in good 

agreement with the theoretical values. The magnification of the optical system was also 

investigated experimentally and agrees well with the design value of 0.68. The ECE imaging 

system as shown in Fig. 11 is attached to the diagnostic port of LHD. The detector array is 

installed inside an aluminum box for electrical shielding, and a pyramidal horn antenna array in 

the TE10 mode is attached to the both sides of the detector array. The second-harmonic ECE 

signals in the extraordinary mode are mixed with the LO power on the detector array where the 

LO beam is focused onto the detectors by using a cylindrical lens. Figure 14 shows the IF system 

of the heterodyne receiver. The IF signals are amplified by a chain of amplifiers (1-8 GHz, 80 

dB) and subsequently separated into 4-8 channels. Each signal is then band pass filtered. A range 

of filters is available with center frequency from 1 to 8 GHz at 1 GHz intervals; each has a 3 dB 

bandwidth of 300 MHz. The signals are then passed through square-law detectors. 

The actual ECEI experiments on LHD began in 2001. The time evolutions of the signal 

output of each IF channel (4-7 GHz) are shown in Fig. 15. During the period t=1.5-1.8 s, ECRH 

power at 164 GHz is applied. The signal level after the ECRH pulse corresponds to the bulk 

electron temperature of the LHD plasma. The wideband characteristics of the detectors are quite 

convenient for the application of correlation radiometry as well as the measurement of broadband 

spectrum with fixed LO frequency.  

3. MICROWAVE IMAGING REFLECTOMETRY (MIR) 

Microwave reflectometry is a radar technique used to infer the electron density 

characteristics by probing the density-dependent cutoff layer in a magnetized plasma36. Referring 
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to Fig. 1, an electromagnetic wave propagating through a magnetized plasma is reflected from a 

cutoff surface described by one of the three following conditions depending upon its 

polarization: 

peωω =   (Ordinary mode)      (5) 

22
2

2

ce
pe

ce ωωωω ±+




=    (R and L extraordinary mode) (6) 

where 
eo

e
pe m

en

ε
ω

2

= . 

The phase difference between the launched and reflected wave (traveling in the r  direction 

and measured at the plasma edge) is given by ∫= cr
drk

002 εφ  (apart from an additive constant) 

where 0k  is the free-space wavenumber of the probing wave, ( )2ωε ck=  is the plasma 

permittivity, and cr  is the position of the wave cutoff.  Measurement of φ  thus determines the 

location of cr . By sweeping the frequency of the probing wave and recording the phase history 

from the beginning of the plasma discharge, the electron density profile can be determined (or 

the B-field for the case of X-mode if the density is known). 

Since its first use for the investigation of low frequency microturbulence in tokamak 

plasmas37,38, microwave reflectometry has become widely used for density profile and 

fluctuation measurements as well as magnetic field investigation36,39-46. In the presence of 

density fluctuations, the reflected electromagnetic wave spectrum is broadened with a strong 
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weighting by those fluctuations in the vicinity of the cutoff layer. In the simplest case of small 

amplitude fluctuations and a 1-D plane stratified plasma permittivity, 0 ( ) ( )r rε ε ε= + % , with 

( ) 1rε <<% , the fluctuating component of the measured phase is given by the 1-dimensional 

geometric optics approximation7 

0 0
0

( )

( )

cr r
k dr

r

εφ
ε

= ∫
%

% ,     (7) 

and the power spectrum of the reflected phase fluctuations is related to that of the density 

fluctuations by Ref. 7 

2
0( ) ( )r n n r rk Mk L k kφ πΓ = Γ       (8) 

In the above, /( / )
cn r rL n dn dr ==  is the density scale length, ( / )

cr rM n E n =≡ ∂ ∂ , and it was 

assumed that 1/3
0 0/( )rk k k Lε< where 1

0( / )
cr rL d drε ε −

== . 

It is important to point out that the fluctuating phase of the reflected wave is dominated by 

the change in permittivity close to the cutoff layer, due to the factor 01 ( )rε  in the integral, 

which becomes very large near the cutoff (as the group velocity approaches zero). The 

measurement of fluctuating phase therefore represents a localized measurement of fluctuations 

near the cutoff layer, rather than a combined measurement of modulations along the entire ray 

trajectory. Indeed, this is one of the most valuable features of reflectometry as a fluctuation 

diagnostic. 

In standard electron density fluctuation measurements with microwave reflectometry, the 
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probing wave is launched and received on the equatorial plane using a pair of small antennas. 

The measurement is essentially a point measurement, and does not provide direct information on 

the spatial structure of density fluctuations.  A significant improvement in the capability of this 

technique is the method of correlation reflectometry, where the radial structure of plasma 

fluctuations is inferred from waves reflected from closely spaced cutoff layers. 

The above 1-D geometrical optics approximation unfortunately breaks down in the case of 

multidimensional turbulent fluctuations, which is precisely the case of interest for magnetic 

fusion plasma diagnostics where there are large radial and poloidal variations. The need for 

Microwave Imaging Reflectometry (MIR) has been well documented through detailed 

reflectometry studies by Mazzucato, which have revealed the crucial need for reflectometric 

imaging (together with the failure of standard fluctuation reflectometry)7. The difference 

between standard 1-D reflectometry and 2-D is readily apparent from Fig. 16 below. It is seen 

that with 1-D fluctuations, the reflection layer will move back and forth in the radial direction, 

resulting in the phase changes in the reflected wave; with 2-D fluctuations, the backward field 

contains components from multiple fragmented wavefronts, resulting in a complicated 

interference pattern at the detector plane. This interference results in both amplitude and phase 

modulations in the detected signal, leading to a breakdown of the simple relationship between 

phase fluctuations and density fluctuations (Eq. 8). This was experimentally demonstrated on 

TFTR where the in-phase and quadrature reflectometer components were shown to behave as 

two independent variables with zero mean, as illustrated in Fig. 17 7. Detailed numerical studies 

by Mazzucato verified this interpretation and also revealed that information of density 

fluctuations can be retrieved from data of specially designed imaging reflectometers, where the 

virtual reflecting cutoff layer is imaged onto the detector plane7,47. 
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In the numerical study in Ref. 7, a plane-stratified plasma is perturbed by a wide spectrum of 

two-dimensional fluctuations with random phases.  The phase of the reflected wave was 

simulated using a range of fluctuation amplitudes and spectral widths, and the results showed (as 

observed experimentally) that large fluctuations cause large amplitude modulations and random 

phases in the reflected wave, exhibiting predictable statistical behavior of both phase and 

amplitude. Figure 18 is an isometric surface plot of the normalized field amplitude of the return 

waves, as a function of r and x (radial and poloidal directions) for a case with fluctuations above 

the threshold for failure of the 1-D approximation. In the figure, rb represents the plasma 

boundary and rc represents the wave cutoff location. It illustrates the large random perturbation 

of the reflected wave amplitude away from the reflecting cutoff layer (r > rc). The basic problem 

in extracting useful phase information from standard reflectometry data is that the measurements 

are usually performed at a large distance (r > rb) from the reflecting layer where (in the absence 

of optical imaging) the reflected wavefront is scrambled (Fig. 18). As a result, what is sampled is 

a complicated interference pattern, with characteristics that may be completely different from 

those of the actual plasma fluctuations under investigation. 

The most significant result of the numerical simulation studies was the demonstration of a 

“virtual cutoff” surface, located behind the actual cutoff surface, from which return waves appear 

to have reflected (to an observer at the plasma edge)7. This is shown in Fig.18 at r = rmin, where 

the modulation to the reflected wave amplitude is minimum. It is also shown in Ref. 7 that 

density fluctuations can be recovered from the phase changes of the reflected wave at the “virtual 

cutoff” (r = rmin), located behind the actual cutoff layer (r = rc). Therefore, it is of crucial 

importance to use imaging optics to map the “virtual cutoff” layer onto the detector plane. 
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The location of the virtual cutoff can be heuristically described as the intersection of the 

asymptotes of the ray trajectories of the probing wave before and after reflection, shown 

schematically in Fig.19.  Because of finite refraction due to the plasma near the cutoff, the 

trajectory of the probing wave is curved, with a radial turning point occurring at the cutoff layer. 

To an observer (or optical system) located at the plasma boundary, however, the wave appears to 

have reflected from a surface somewhat behind the actual cutoff. 

If the reflected rays are collected by a large-aperture optical system, the spatial structure of 

the density fluctuations near the cutoff layer can be determined by a reconstruction of the 

reflected wavefront at the image plane; phase fluctuations measured at the image plane will 

directly correspond to density fluctuations at the cutoff layer.  Additionally, the use of imaging 

optics enables the simultaneous sampling of an extended region of the cutoff layer by an 

extended array of detectors at the image plane.  It is important to reiterate that the use of imaging 

optics extends the region of validity for reflectometry as a fluctuation diagnostic even for a 

single detector corresponding to a small probing beam.  The use of multiple detectors to measure 

an extended plasma layer is a secondary benefit of the presence of imaging optics. 

It was shown in Ref. 7 that for slab geometry, the virtual cutoff is located at a distance 

∫ b

c

r

r
dr

r)(

1

0ε
 from the plasma boundary.  Additionally, it was shown that the use of imaging 

optics provided an increased threshold below which phase fluctuation measurements could be 

directly correlated to density fluctuations.  This condition is given (for ordinary-mode 

propagation) by )/(1 222
32

xnn kL ∆< πσ  where nσ  is the variance of the density fluctuations, nL  is 

the density scale-length, and xk∆  is the width of the poloidal fluctuations.  For TFTR-like 
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parameters of 1cm5.0 −=∆ xk , cm50=nL , this breakdown occurs at 2107.1 −×=nσ .  It has 

subsequently been shown in Ref. 47 that the poloidal curvature of the plasma can reduce the 

physical separation between the virtual and actual cutoff layers, and can also increase the 

fluctuation thresholds for validity of both the 1-D geometrical optics approximation and the 2-D 

imaging optics criteria. 

To summarize the above, in standard reflectometry the reflected waves from a “corrugated” 

cutoff layer interfere at the detector, causing both amplitude and phase modulation (see Fig. 20). 

Hence, the measured phase no longer directly corresponds to the density fluctuation. Fortunately, 

the use of imaging optics can solve this problem. 

Shown in Fig. 21a is a schematic diagram outlining the experimental realization of 

reflectometric imaging based on the ECEI system shown in Fig. 3. First, a broad area of the 

plasma cutoff layer is illuminated by a millimeter-wave source. Focusing optics are utilized to 

transform the output of the illuminating source (typically a solid state oscillator) into an extended 

beam whose curved wavefront is designed to roughly match the poloidal/toroidal shape of the 

plasma cutoff surfaces.  This wavefront curvature matching enhances the amplitude of the 

reflected waves, and ensures that a sufficient fraction of the incident electromagnetic power is 

coupled to the MIR receiver for detection.  The reflected radiation passes back through the same 

imaging optics as the illuminating beam, with additional optics utilized to image the reflecting 

layer onto the imaging array.  A second millimeter-wave source provides LO power to the 

imaging array, yielding output signals whose frequency is that of the difference frequency 

between the two sources. A quadrature detection system yields the fluctuating phase and 

amplitude signals on each array element. Unlike the ECEI system, the MIR system requires a 
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relatively powerful probing beam to be launched through the optical system while the expected 

signal level at the array coming from plasma reflections is relatively small. Unfortunately, 

standing wave problems arising from the multiple reflective lens surfaces forced a redesign of 

the system based on reflective optics.  In this design, the primary optical elements consist of two 

large reflective focusing mirrors (toroidal and poloidal).  Figure 21b is a 3-D AutoCAD design of 

the system briefly implemented and tested in TEXTOR-94. 

Proof-of-principle experiments employing the systems shown in Figs. 21a and 21b, have 

been performed on the TEXTOR-94 tokamak using fixed-frequency versions of both the ECE 

and reflectometer subsystems, confirming the feasibility of the imaging scheme.  One of the most 

significant results from the prototype MIR system is the demonstration of the virtual cutoff 

surface.  In this experiment, both the probing frequency and the focal plane of the optics were 

held fixed, and the electron density was ramped over the course of the shot to bring the cutoff 

surface through and beyond the focal plane of the optics. Figure 22 shows the complex signal 

recorded over several 3 ms duration time windows as the cutoff surface moves outward through 

and beyond the optical focal plane. Both the characteristic crescent-shaped phase modulation 

when the cutoff is in-focus and the fill-in of the complex plot as the cutoff moves out of focus 

are clearly identifiable. 

The two conceptual tests on TEXTOR-94 have revealed the critical importance of the probe 

beam quality, and have inspired us to examine the details of the formation and propagation of 

large Gaussian beams from the illumination source, as well as the performance of the optical 

elements.  Many launching schemes for the source have been tested for the required phase fronts 

(no interference) and profiles (side lobes less than 25 dB). The profiles of the source beam at 
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various test stages are illustrated in Fig. 23.  Beam profiles were produced from specialized 

launching antennas, and have been demonstrated to propagate cleanly through multiple optical 

components. The curvatures of the large reflective elements have been verified with a 

sophisticated alignment scheme using visible lasers.  In the figure, 1-D “slices” in both the x and 

y direction (Figs. 23b, 23c) are shown next to the measured far-field 2-D beam pattern of the 

special horn (Fig. 23a).  Here, squares represent single-point measurements, and solid lines 

represent the best-fit Gaussian profile.  In Fig. 23d, squares represent measured beam widths, and 

the solid line represents the theoretical calculation of the Gaussian beam width propagating 

through the optical test system. 

In addition to the detailed component tests, we have embarked on a comprehensive study to 

demonstrate the capabilities and limitations of the MIR technique, both theoretically and 

experimentally.  Simultaneously with the installation of an improved TEXTOR instrument, we 

have initiated a systematic off-line laboratory study of reflectometry systems, using corrugated 

reflecting targets of known shape to simulate the fluctuating plasma reflection layer.  A 

schematic of the MIR laboratory setup is shown in Fig. 24.  Each reflecting target was tested 

using both the MIR configuration (Fig. 24) and a standard 1-D configuration (not shown) 

consisting of a launched Gaussian beam and a receiving horn with no optics.  As a reference, 

each surface was independently measured using a visible-laser interferometer (Leica “Laser 

Tracker”).  This approach was chosen to augment the plasma measurements due to the 

unavoidable complexity of any new plasma data; calibration of any new instrument is made 

much more reliable by first using known reference targets. 

A result from this off-line study is shown in Fig. 25, in which both the MIR and 1-D 

instruments were used to reconstruct the phase of a target mirror with corrugations of kθ = 1.25 
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cm-1.  Figure 25a compares data from the 1-D configuration (located 30 cm from the target 

surface) to the reference measurement, and Fig. 25b compares data from the MIR instrument 

(located 235 cm from the target surface) to the reference measurement.  Clearly from the plots, 

the MIR system faithfully reproduces the target fluctuations (at a distance of over 200 cm) while 

the conventional reflectometer data becomes completely distorted, even at a distance of 30 cm.  

This simple experiment demonstrates both the difficulties of interpreting conventional 

reflectometry data and the solutions offered by MIR techniques. 

In order to quantify the degree to which the reflectometer measurements accurately 

reproduce the shape of the reference surface, the cross-correlation was calculated between the 

power spectra produced by the two reflectometers and the reference curves.  Cross-correlation 

figures were calculated for measurements taken over a wide range of d, the distance between the 

instrument and the target surface.  This data, plotted for both the 1-D and MIR systems, is shown 

in Fig. 25c. 

For the 1-d case, the correlation is nearly unity for d~10 cm, and falls to ~40% as the distance 

is increased to 30 cm or more.  For the MIR system, there is near-unity correlation between the 

signal and reference curves everywhere within ±10 cm of the focal distance, with a fairly sharp 

falloff as the image becomes unfocused, and the recorded phase begins to exhibit “phase 

runaway”.  The strong correlation over this 20 cm range represents the distance over which 

multi-radial (multi-frequency) data could be collected simultaneously with a fixed set of imaging 

optics.  Importantly, this data is taken with the instrument at a distance of over 200 cm from the 

reflecting surface, in exactly the configuration used for TEXTOR measurements.  The region 
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d<50 cm is shaded in Fig. 25c to represent the region inaccessible to diagnostic instruments for 

core measurements (i.e. a=46 cm in TEXTOR, a=56 cm in DIII-D, etc.). 

It is important to note that this off-line test represents a simplified model of reflectometry of 

plasma fluctuations.  Specifically, the target mirrors do not refract the waves in the vicinity of the 

reflecting surface, and have thus far only been configured with a single kθ value.  Nonetheless, 

the combination of the target-mirror data, the detailed numerical studies (which include both 

plasma refraction and a wide spectrum of modes), and the preliminary TEXTOR data, provide 

solid confirmation of the validity of MIR approach.  The TEXTOR experiments will resume in 

July 2002, and MIR systems will be installed on other tokamaks as access becomes available. 

4. SIMULTANEOUS ECEI/MIR 

To understand the critical physics issues confronting magnetic fusion; for example, to resolve 

the relation between anomalous transport and microturbulence, there is a need for simultaneous 

ne and Te fluctuation measurements and successful test results on TEXTOR enable us to design a 

system to measure both fluctuations simultaneously. Figure 26 illustrates a conceptual design for 

a combined ECEI and MIR system using refractive optics and dichroic plates to separate the 

ECEI and MIR signals in frequency space. In order to fulfill this need, a large dichroic plate (~20 

cm x ~30 cm) was designed and fabricated at the machine shop of NIFS, Japan. The dichroic 

plate is 1.5 mm thick and contains close-packed holes 1.65 mm in diameter separated by 2.8 mm 

(center-to-center).  This configuration reflects MIR frequencies below 90 GHz while transmitting 

the ECEI frequencies at 110 GHz or above.  In addition, the dichroic plate has been tested for 
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operation up to 30° from normal incidence and found that the reflected wave fronts and profile 

are well preserved. 

Currently, a combined ECEI and imaging-reflectometer system is under development for the 

TEXTOR-94 tokamak. In this system, the primary components of a microwave optical system 

are shared between ECE and reflectometer subsystems, with each subsystem using a dedicated 

high-resolution multichannel detector array. The basic layout is shown in Fig. 27, including a 

cross-section of the TEXTOR-94 vacuum vessel, the primary focusing mirrors, and the two 

diagnostic subsystems. 

In an imaging diagnostic, it is essential to make use of as large an acceptance aperture as 

possible. In the TEXTOR-94 system, the limiting aperture occurs at the vacuum window, which 

is 42 cm high, 30 cm wide, located 57 cm from the plasma boundary.  All other optics have been 

adapted to make use of the full window aperture. 

The primary difference between the configuration of the reflectometry and ECEI subsystems 

is that the reflectometry system has the added complication of the probing beam.  In order to 

maximize the robustness of the collection optics to details of the plasma profile, the probing 

beam is focused at the center of the radius of curvature of the cutoff surface, so that the incident 

wavefront matches the shape of the reflecting layer. The focal point is, of course, different in the 

poloidal and toroidal directions. The optics are designed so that both the illumination beam and 

reflected signal can be focused using the two fixed primary mirrors. A beam splitter separates the 

transmitted beam path from the detection path and final detector optics. 

The combined system, including frequency and focal-plane scanning capability, will be 

completed in 2001 (during an extended TEXTOR-94 maintenance period), to be installed on 



Invited Review Article: Review of Scientific Instruments, 2002 

 22

TEXTOR-94 when plasma operations resume in the middle of 2002. 

5, IMAGING MICROWAVE SCATTERING 

 Coherent scattering of electromagnetic waves is a powerful technique, capable of providing a 

direct measure of the spectral power density of fluctuations. It was employed extensively in early 

studies of plasma turbulence, including the first detection of short scale fluctuations in 

tokamaks.49-56 In order to measure many wave-numbers simultaneously, a multi-mixer system 

was employed to study turbulence in tokamaks.52,57 With the advent of super-sensitive 2-D 

detector arrays, it is now feasible to design an imaging microwave scattering system for the 

investigation of the high k spectra expected from Electron Temperature Gradient (ETG) modes 

on National Spherical Torus Experiment (NSTX)58. 

 The scattering process is characterized by the differential cross section σ = σ oS (k,ω) , where 

σo = (e2 / mc2 )2  is the Thomson cross-section and S (k,ω)  is the spectral density of density 

fluctuations. The frequency ω  and the wave vector k  must satisfy energy and momentum 

conservation, i.e., ω = ωs −ωi  and k = ks − ki , where the subscripts s and i refer to the scattered 

and the incident wave, respectively. Since for the case of interest in this paper ωs ≈ ωi , and 

ks ≈ ki , the scattering angle (θs ) is given by the Bragg equation k = 2ks sin(θs / 2) . Once the 

spectral density is known, the mean square density fluctuation is obtained by integrating S (k,ω)  

over the entire (k, ω) space. As discussed in the previous section, k must satisfy the condition 

k ⋅ B ≈ 0 . This and the fact that the direction of the magnetic field lines changes along the 

propagation of the probing beam can be exploited for the spatial localization of the scattering 

measurements. 
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 For the measurement of the poloidal spectrum of fluctuations (commonly referred to as 

the kθ -spectrum), the probing wave must propagate primarily along a radial direction. In 

standard scattering experiments, the spatial resolution is determined by the finite size of the 

probing beam, that here we assume possesses a Gaussian intensity profile I(r⊥ ) = exp(−2r⊥
2 / w2)  

(where r⊥ is the beam radius and w the beam waist). The resolution of the measured fluctuation 

wave number depends on the spectrum G(κ ⊥ ) = exp(−κ ⊥
2 / ∆2)  of the probing beam, where 

∆ = 2 / w  and κ ⊥  is the wave number perpendicular to the direction of beam propagation. For 

w=5 cm, we obtain ∆=0.4 cm-1, which is indeed very good when compared with the wave 

numbers (k⊥ ) expected in a typical NSTX discharge, as indicated by numerical simulations59 

showing that the ETG mode occurs in the range of wave numbers k⊥ρe =0.1-0.3 (10cm-1 

<k⊥ <40cm-1). Since the wave vector component along the magnetic field is k|| ≈1/ qR  (where q 

is the magnetic safety factor), the expected fluctuations are nearly constant along the magnetic 

field lines – a feature that can be used for scattering system design. However, if for the spatial 

localization we take the common region between the probing and the scattered beam, for k=10 

cm-1 we obtain a radial resolution in excess of 60 cm, which is clearly unacceptable. Fortunately, 

for the case of a probing beam propagating perpendicularly to the magnetic surfaces, the rotation 

of the magnetic field lines, and therefore the rotation of the fluctuation wave vector k, can 

substantially improve the spatial resolution. This was discussed in Ref. [60], where it was shown 

that the radial resolution is given by an instrumental selectivity function 

F(R) = exp[−(α (R0 ) −α (R))2 (k⊥ / ∆)2 ]  (where α(R)  is the pitch angle of the magnetic field 

lines and R0  is the radial location where the matching conditions are tuned for the detection of 
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fluctuations with wave number k⊥ ). The radial width of F(R)  is a strongly decreasing function 

of both the magnetic shear (i.e., the derivative of α) and the parameter (k⊥w)2 . 

 

 Figure 28 illustrates a scattering geometry for the measurement of the kθ -spectrum, 

where a Gaussian beam with a wavelength of ~1 mm and a waist of 2 cm is launched along a 

trajectory that is nearly tangent to the machine center post (represented by the smallest circle in 

Fig. 28). Since the beam propagates at a small angle to the density gradient, its trajectory is only 

slightly affected by plasma refraction. For the case shown in Fig. 28, where the density profile is 

that of a typical NSTX discharge with a central density of 4.5x10
19

 m
-3

, the total deflection is 

§�
o
. Plasma theory indicates that the ETG mode, as is the case for many other types of short-

scale tokamak instabilities, has a strong ballooning structure. Therefore, the scattered waves will 

originate mainly on the low field side of the torus. In Fig. 28, they are collected by a spherical 

mirror and reflected downward where measurements are made on the 2-D receiver array. As a 

demonstration of the excellent spatial and wave number resolutions that is possible to achieve 

with this type of scattering configuration, Fig. 29 shows the position of the scattered beam on the 

focal plane for different wave numbers and scattering locations. In this figure, the beam footprint 

is represented by a circle having a radius equal to the waist of the beam itself (§�����FP), and for 

each value of k⊥ , the scattering location is moved from R=1.20 m to 1.46 m in steps of 3.25 cm 

(from left to right in Fig. 29). The full length of the radial scan is determined by the dimensions 

of the viewing window, which in Fig. 29 are assumed to be 0.2 m in the x-direction and 0.4 m in 

the z-direction (even though ports with a maximum size of 0.6 m x 0.6 m are available in NSTX). 

A measure of the radial spatial resolution that can be achieved with this type of scattering 

geometry is obtained from the ratio of the diameter of a circle to the distance of adjunct points 
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with the same value of k⊥ , i.e., the radial resolution is the product of this ratio with the radial 

separation of the points of origin along the trajectory of the probing beam (=3.25 cm). 

6. CROSS-POLARIZATION SCATTERING IMAGING 

The systems that have been described thus far, ECE imaging and microwave imaging 

reflectometry, yield information on fluctuations in the electron temperature and density. 

However, for a complete understanding of anomalous transport in hot magnetized plasmas also 

the measurement of magnetic field fluctuations is required. Specifically, magnetic field 

fluctuations as small as BB /
~

= 10-4, are sufficient to destroy the often assumed nicely layered 

field structure thereby resulting in chaotic field distributions. As described below, the magnetic 

field fluctuations can be measured by means of an imaging system based on cross polarization 

scattering. 

Direct proof of the existence of magnetic field fluctuations with BB /
~

 = 10-4 in the plasma 

core is extremely difficult to provide. The only method that has been successfully applied thus 

far is cross polarization scattering. At the Tore Supra tokamak, this method demonstrated for the 

first time that such low-level magnetic field fluctuations of with BB /
~

 ≅ 10-4 indeed do exist61,62. 

More recently, cross polarization scattering was also applied to measure low-frequency 

electromagnetic waves in the GAMMA-10 tandem mirror63. Electromagnetic waves traveling in 

the plasma perpendicular to the magnetic field can be scattered by density fluctuations as well as 

by magnetic field fluctuations. According to scattering 64,65, the scattering by density fluctuations 

will have no effect on the polarization of the wave. However, scattering by magnetic field 

fluctuations is accompanied by a conversion of the polarization from O- to X-mode or vice versa. 
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Unfortunately, the cross polarization scattering cross sections are extremely small. Together with 

the very low level of magnetic field fluctuations one wishes to detect, this implies that one 

requires an extremely sensitive and delicate detection system. Another  problem is also the noisy 

environment with many chances for spurious mode mixing because of reflections on the inner 

vacuum vessel wall as well as the mode purity of the injected microwave beam. 

It has been pointed out that the scattering cross section can be increased by selecting the 

frequency of the waves close to the upper-hybrid resonance frequency53-55. According to linear 

theory, the cross section for mode conversion is proportional to (ωwave
2-ωUH

2)–2. Close to the 

upper-hybrid frequency, the cross section would go to infinity and clearly linear theory would 

become invalid. The necessary nonlinear theory is not complete yet, although a good start has 

been made66,67. By using frequencies close to the upper-hybrid frequency, much larger signals 

are obtained and, hence, more robust detection systems can be employed. However, the 

disadvantage of this enhanced cross polarization scattering is that one has great uncertainties in 

the proportionality factor between signal level and magnetic fluctuation level. 

The enhanced cross polarization scattering has been pioneered on the RTP tokamak68-70and 

FT-1 tokamaks71. In the measurements at RTP, the enhanced cross polarization scattering was 

observed parasitically by a special detection system to monitor the power deposition profile of a 

60 GHz, 200 kW Electron Cyclotron Resonance Heating (ECRH) system. Under normal 

conditions, the detectors are always operated in O-mode polarization to observe the transmitted 

ECRH power that is launched in O-mode. In order to check the background noise due to wall 

reflections, some of the detectors were (by serendipity) placed in X-mode. Surprisingly, large 

signals were received (see Fig. 30), up to several percent of the input power level. The RTP team 
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investigated many possible explanations for the observed mode conversion. Many of these could 

be false and the only explanation that still stands is that the high level of X-mode signal is caused 

by enhanced mode conversion scattering near the upper-hybrid layer in the plasma. 

As mentioned above, the system at RTP was originally not built for the purpose of cross 

polarization scattering measurements. Moreover, because of the fact that nonlinear scattering 

theories are still in the development phase, it has not been possible to deduce the level of 

magnetic field fluctuations quantitatively. An advanced system to quantitatively diagnose 

magnetic field fluctuations has been proposed by Donné and Oomens70. Although this system 

was never built because of lack of funding related to the complexity of the system with many 

individual detectors and waveguide systems, it will be argued below that imaging techniques 

would lead to a very simple and versatile cross polarization scattering imaging system allowing 

to quantitatively determine the level of magnetic field fluctuations. 

A cross-correlation scattering experiment as sketched in Fig. 31 is proposed for measuring 

the local magnetic field fluctuations. Radiation from two sources is injected into the plasma. The 

waves are launched in X-mode from the high field side of the tokamak. An imaging system at the 

low field side is employed to detect radiation converted from X- to O-mode. By applying cross-

correlation techniques between the different detector elements, it is possible to pin down the 

mode conversion to the intersection volume of the two microwave beams and thereby improve 

the spatial resolution beyond what is possible with a small-angle scattering experiment of a 

single wave. 

One reason for using two separate microwave sources is that when only a single source is 

employed (with two launchers), the outcome of the correlation function would also depend on 
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the noise of the source. It is necessary to determine which part of the signal received by each 

detector element is originating from which source, to discriminate the wanted signal from the 

one source from the scattered signal from the other and vice versa. Using two sources with 

slightly different carrier frequencies, e.g. several tens of MHz difference, makes it possible to 

perform such a discrimination without noticeably affecting the position of the upper hybrid layer. 

By changing the frequencies of both sources simultaneously, it is possible to scan the upper-

hybrid layer through the plasma. In this way, measurements can be performed away from the 

upper-hybrid resonance where linear theory relates the signal level in a straightforward way to 

the magnetic field fluctuation level. By shifting the upper-hybrid layer into the scattering 

volume, the same magnetic field fluctuations lead to a much higher signal because of the 

enhanced mode conversion. In this way, the nonlinear scattering theory can be beautifully tested, 

at the same time yielding a ‘calibration factor’ for the enhanced scattering. 

It would be optimum if the angle of the launching beams as well as the focusing of the 

antenna could be changed on a shot-to-shot basis. This would make it possible to place the 

scattering volume at various locations in the plasma. However, most tokamaks have only limited 

space at the high field side, such that most probably the launching angle and focusing are rather 

fixed. Instead of having two individual launchers, it is therefore proposed to have a poloidal 

array of launchers build in at the high field side, such that it is possible to switch the microwave 

sources to different launchers between subsequent tokamak shots. Special attention should be 

devoted to have beams with a small toroidal divergence, because for non-perpendicular injection 

with respect to the magnetic field also density fluctuations can cause mode conversion scattering, 

which could mask the desired signal from the magnetic field fluctuations. The effects of 

magnetic shear as well as polarization mismatch of the mode at the plasma edge have been 
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considered already in literatures62,65 and are not expected to give large problems in the 

interpretation of the data. Furthermore, care should be taken that the launched signal is pure X-

mode, without any spurious O-mode. The Tore Supra team has already demonstrated that this is 

achievable61,62. 

In theory, the reversed set-up (launching O-mode from the low field side and detecting X-

mode at the high field side), which was also employed in the RTP pilot experiment, has the 

additional benefit that the X-mode cutoff layer reflects any spurious O-mode signal in the 

launching beams, making the launching system more simple. However, the drawback is that the 

receiver system is located at the high field side, ruling out the use of imaging techniques. 

7. PHASE IMAGING INTERFEROMETRY 

In addition to the systems described above, imaging techniques have also been applied to 

both interferometry and polarimetry. However, both space limitations and the fact that these have 

been extensively covered elsewhere led to the decision to refer the reader to the literature10,11,72-

76to all but the most recent developments. Early imaging work involved the use of 

microbolometer arrays as the detector element77-81and explored tomographic reconstruction 

techniques. The more recent work on the GAMMA 10 magnetic mirror device utilized Schottky 

diodes for increased sensitivity and frequency response80-84and is described in detail in the 

following. 

A millimeter-wave two-dimensional imaging system has been developed for application on 

the GAMMA 10 tandem mirror device at the University of Tsukuba. It consists of a quasi-optical 

transmission line with parabolic and ellipsoidal mirrors and a heterodyne receiver with a 
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frequency of 70 GHz and is comprised of a hybrid detector array with 16 elements of beam-lead 

GaAs Schottky barrier diodes (SBDs) bonded to bow-tie antennas on a fused-quartz substrate. 

The schematic of the 2D imaging system on GAMMA 10 is shown in Fig. 32. It is installed 

in the west plug cell (z=971 cm, outside of a confining potential), where z is the axial distance 

from the central-cell midplane84. The optical system of the probe beam is designed using 

Gaussian-beam propagation theory. A scalar-feed horn produces a symmetric radiation pattern 

with low side lobes, which is well fit by a Gaussian distribution. The probe beam is expanded by 

an off-axis parabolic mirror installed inside the vacuum vessel to cover the upper-half of the 

plasmas. The cross section of the probe beam is 200 mm x 200 mm at the plasma center.  The 

receiving optics, consisting of an ellipsoidal mirror, a flat mirror, and polyethylene lenses, are 

designed by using a ray-tracing method to focus radiation signals onto a 2D-detector array. The 

magnification of the optical system is designed to be 0.33. The detector array  consists of beam-

lead GaAs Schottky barrier diodes bonded to 4 x 4 bow-tie antennas and is described later in the 

technology section. The array is installed inside an aluminum box for electrical shielding, and a 

2D pyramidal horn antenna array in TE10 mode is attached to the input of the detector. A dichroic 

plate, comprised of 10 mm thick aluminum with 4.0 mm diameter holes and 4.5 mm spacing, is 

also attached to the vacuum window of the receiver side. Circular holes act as high pass filters to 

prevent the mixture of electron cyclotron resonance heating (ECRH) power with a frequency of 

28 GHz.  

The imaging system is configured as a heterodyne interferometer consisting of two separate 

70 GHz oscillators. An Impatt oscillator with 500 mW output provides a probe beam injected into 

the plasma and a low-power reference signal. The other 500 mW Impatt oscillator is used as a 
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local oscillator (LO), which is also divided into two signals. One of the LO output and the probe 

beam are superimposed coaxially by a beam splitter, and focused on the detector array to 

produce a 150 MHz IF signal. The branches from the two sources are also combined by a 

directional coupler and fed to a mixer to provide another IF signal. The quadrature-type detection 

system provides the phase difference between the two IF signals which is proportional to line 

density of the plasma. The 2D imaging array has also been applied to ECE measurements using a 

heterodyne receiver. The second-harmonic ECE signals in the ordinary mode are mixed with LO 

power on the detector array. The IF signals amplified by 85 dB are fed to the band pass filter 

with pass band of 100 MHz ± 10 MHz, and are square-law detected. The ECE imaging in the 

ordinary mode and the phase imaging can be obtained simultaneously. 

The Airy pattern of the point source is measured in order to confirm the performance of the 

optical system. A Gunn oscillator is located at the position corresponding to the plasma center. 

The source is imaged onto the detector array. The Airy patterns in the horizontal and vertical 

planes are shown in Fig. 33. The theoretical curves correspond to the Airy function, which gives 

an intensity distribution of point image by an ideal lens as  
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where J1 is the Bessel function of the first kind,�ρ the distance from the image point, Fe=1.17 the 

effective F number of the receiving optics, and λ LV� WKH� ZDYHOHQJWK� RI� WKH� VRXUFH�� $� JRRG�

agreement between experiment and theory is obtained in both planes. Magnification of the 
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optical system is also investigated experimentally by using a point source, which agrees well 

with the designed value of 0.33. 

The system is tested to provide diffraction-limited phase images using a dielectric target 

located at a position corresponding to the plasma center. Figure 34 shows the 2D image of a 

Teflon plate of 10.1 mm x 10.1 mm size and 1.5 mm thickness in the horizontal and vertical 

directions. The experimental results are compared with the theoretical curve given by  
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where 2a is the width of the object, f0
E the spatial cutoff frequency, and φ0 and Si(x) are the sine 

integral and pulse height functions, respectively74. The theoretical curve of the phase distribution 

is calculated by Fourier-transforming the spatial pulse function into the frequency domain, 

filtering out all frequency components above f0
E, and transforming back to the spatial domain. 

The fitting curve of the experimental points (dotted lines) is drawn by using the Whittaker-

Shannon sampling theorem. The good agreement between the experiment and the theory for both 

phase shift and magnification verifies the validity of this 2D imaging system. 

of 10.1 mm x 10.1 mm size and 1.5 mm thickness in horizontal and vertical directions. 

In each plug/barrier cell of GAMMA 10, two separate 28 GHz gyrotrons are used. 

Fundamental ECRH in the plug region (ECRH-P) and second-harmonic ECRH in the barrier 

region (ECRH-B) produce warm and hot electrons that are necessary for effective formation of 

confining (plug) potentials with thermal barriers. The changes of the density profiles during the 
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application of the ECRH are shown in Fig. 35. When the ECRH power is applied at t=140 ms, 

the plug potential is created near the position of z=962 cm where the magnetic field strength 

equals to 1 T. At the region of z=971 cm where the imaging system is installed, the loss particles 

decrease due to the formation of the confining potential. When the ECRH is turned off at t=190 

ms, the confining potential disappears, and a short burst appears in the line-density signal 

corresponding to the axial drain of the plasmas. The variation of the profile in the axial direction 

is caused by the change of the magnetic field. It is noted that the density profile in the core 

region decreases during the injection of the ECRH power. This region corresponds to the one 

that the effective confining potential LV�IRUPHG��,W�DOVR�FRLQFLGHV�WR�WKH�UDGLDO�SURILOH�RI�WKH�SOXJ-

ECRH power deposition. The phase resolution of the interferometer is estimated to be less than 

1/200 fringe, where 1 fringe is equal to a line density of 5.1x1013 cm2 at 70 GHz. 

The imaging array has also applied to the measurement of ECE on GAMMA10. In the 

present experiment, the optical thickness of the second-harmonic O-mode is estimated to be less 

than 1 in the plug-cell plasma. Therefore the intensity of the ECE is given by 3)(
2 ee

O TnI ∝ . 

Figure 36 shows the time evolution of the ECE profiles where the contour plots display the 2D 

ECE intensity. Since the frequency of the LO is fixed at 70 GHz, the ECE intensity is distributed 

around the position z=969.5 cm where the frequency of the ECE equals to 70 GHz. 7KH�(&(�

signal starts to increase when the ECRH power is injected at t=90 ms and continues to be 

observed after the bulk plasma disappears at t=150 ms. This means that the ECE signal is mainly 

attributed by the mirror-trapped hot electrons. The hot electrons with energy up to 60 keV are 

produced by a combination of the plug-ECRH and barrier-ECRH powers, which is useful for the 

formation of thermal barrier potentials in a tandem mirror plasma. 
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8. IMAGING ARRAY DEVELOPMENT 

Both hybrid and monolithic imaging arrays have been fabricated at UC Davis for use in 

plasma imaging applications85,86. The hybrid arrays have been comprised of printed circuit slot 

bowtie antennas coupled with beam lead diodes that are silver epoxied onto the feed of the 

individual antennas. Shown in Fig. 37 are a mask layout of an ECEI array (a), and a photograph 

of a hybrid SBT array assembly (b). The monolithic arrays differ in that the diodes are 

monolithically integrated directly onto the antennas for improved response (necessary for 

precision in-situ hot-cold load calibrations), reproducibility, and reduced hand labor. The slot 

bowtie antenna structure has been utilized due to its relatively broad operating bandwidth 

(~15%), and because of the successes that have been achieved to date with this design. Shown in 

Fig. 38 are photographs of a monolithic SBT array and the array assembly with the printed 

circuit board. The antenna patterns of the monolithic array at 100 GHz are shown in Fig. 39. 

More recently, a different class of imaging arrays is under development, which utilize dual 

dipole antennas [Fig. 40(a)], and which exhibit broad frequency bandwidth similar to the slot 

bowtie antennas in our present ECEI and MIR systems.  The dual dipole antennas, however, 

offer symmetric E- and H-plane patterns without the large sidelobe levels of the slot bowties 

[Figs. 40 (b) and (c)]. This should translate to simpler focusing optics and increased sensitivity 

over the present systems. The first of the new hybrid test antennas has now been fabricated and 

tested.  Monolithic arrays are currently under fabrication and expected by Fall 2001. It is 

anticipated that the monolithic arrays should exhibit higher sensitivity and reduced LO power 

requirements over their hybrid counterparts, due to the reduced size and increased cutoff 

frequency of the monolithic GaAs Schottky diodes.  
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Another recent development is the replacement of the double sideband detection scheme based 

on a frequency scanning BWO with a fixed frequency LO source in a single side band detection 

ECEI system.  Here, the IF frequency range extends from 2 to 10 GHz. For each mixer channel, 

the IF signal is split into 8 signals by band-pass filters separated by 1 GHz, each with a 

bandwidth of 400 MHz. The sample volumes along the sight lines are separated by about 2 cm, 

and the sample volume thickness due to the relativistic and Doppler broadening is also about 2 

cm. This approach also benefits from the recent advances in millimeter wave technology where 

single chip MMIC amplifiers have demonstrated 427 mW output at 95 GHz87, 2.4 W in a 

waveguide combined system88, and amplifiers have been produced at D-Band (110-170 GHz). 

Yet another approach to realizing appreciable the required local oscillator power for large ECEI 

arrays is via frequency multiplication. This is predicted to yield 100 mW at W-band in a MMIC 

realization89 and has yielded 5 W in a quasi-optical frequency tripler grid array90 at 99 GHz in a 

pulsed proof-of-principle experiment with recent activities aimed at a cw realization. Two recent 

reviews provide an excellent overview of the current state-of-the-art in spatial power 

combining91,92.  

Another approach to solving the LO problem for large arrays is to utilize a subharmonic 

mixer arrangement where the LO is at half the signal frequency. For example, recently Gauthier 

et al. reported a 140-170 GHz, uniplanar subharmonic mixer with ~13 dB conversion loss93. 

Such a system is under development for W7-AS94 where a 150 GHz MMIC subharmonic mixer 

array is employed. 

In a collaboration between the University of Tsukuba and Tohoku University, 2-D arrays 

have been developed for both imaging interferometry and ECEI on the GAMMA 10 tandem 
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mirror device95-99. These are 4�4 arrays of GaAs beam-lead Schottky diodes bonded onto bow-

tie antennas monolithically fabricated on 38.1 mm square fused quartz substrates (see Fig. 41). 

The bow tie angle of 60° results in a resistive antenna impedance of 150 Ω. 

In a collaboration between Kyushu University and the Teratec Corp.100, a MMIC detector has 

been developed for a second harmonic ECEI system (120-180 GHz) on LHD consisting of the 

integration of a bow-tie antenna, a down-converting mixer employing a Schottky barrier diode, 

and heterojunction bipolar transistor (HBT) amplifiers (10 dB gain) on a GaAs substrate. Figure 

42 (a) is the first mask pattern, and (b) is a more recent one. The GaAs chip sizes are 4.0 mm�

2.0 mm and 2.0 mm�2.0 mm, respectively and are mounted on the case made of gold-plated 

brass together with the alumina substrate for dc bias of the SBD and HBT amplifier In Fig. 42 

(b), a coplanar waveguide (CPW) is directly connected to the bow-tie antenna, and the Schottky 

barrier diode is inserted between the signal and the ground line of the CPW. The lower cutoff 

frequency increases up to 44 GHz due to the small size of antenna; however, an improvement in 

IF bandwidth is expected. The heterodyne characteristics of the MMIC detector are measured in 

a test stand using two oscillators in the frequency range of 70-140 GHz. One oscillator is 

employed as an LO and the other supplies a radio frequency (RF) signal. The two signals are 

combined by a directional coupler, and radiated to the detector through a waveguide antenna. 

The DC bias of the SBD is typically 0.9 V, 0.5 mA and the power supply of the HBT amplifiers 

is 4.0 V, 12 mA. The heterodyne IF signal is fed to a spectrum analyzer. Figure 43 shows the 

heterodyne signal intensity as a function of IF frequency measured with a spectrum analyzer. It is 

noted that rather flat response from 0.2 GHz to 9 GHz is obtained in contrast to a hybrid detector 

using a beam-lead SBD, which is probably due to the method of housing of the semiconductor 
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chip as well as due to the small inductance of the signal line and the performance of SBD. 

Currently, however, the IF bandwidth is limited to 9-10 GHz. This is primarily caused by the 

bandwidth of the HBT amplifiers. In Fig. 43, the heterodyne characteristics are�DOVR�VKRZQ�ZLWK�

and without HBT amplifiers. The IF bandwidth is limited mostly by the characteristics of the 

HBT amplifiers in the present stage. An IF bandwidth in excess of 10 GHz is observed without 

the HBT amplifier. The heterodyne characteristics of the recent MMIC detector are also 

measured at 140 GHz. The IF response is ~20 % better than that of the first design. 

Another interesting approach to be considered for the future is direct amplification of the 

ECE signal, with subsequent filtering and video detection. This is facilitated by the recent 

developments in InP HEMT based MMICs which have yielded gain up to 184 GHz with noise 

levels as low as 3.8 dB in D-Band101-107. An example of the direct amplification approach is the 

passive millimeter wave camera developed by TRW, which operates at 89 GHz with a frame 

repetition rate of 17 Hz108. A camera operating at 140 GHz is also under development109. Two 

dimensional tapered slot antennas are utilized in the focal plane of the imaging optics of these 

cameras. In a plasma diagnostic application, one can employ a microelectromechanical (MEMS) 

based, active tunable bandpass filter array for frequency discrimination. 

9. PHASED ANTENNA ARRAY DEVELOPMENT FOR MIR 

As mentioned previously, the need for MIR has been well documented through detailed 

reflectometry studies by Mazzucato which have revealed the crucial importance of reflectometric 

imaging (together with the failure of standard fluctuation reflectometry) where the (virtual) 

reflecting cutoff layer (Fig. 19) is imaged onto the detector plane. This addresses the problem 
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that ray refraction by the plasma deviates the beam paths; the existence of a “virtual cutoff” 

layer, located behind actual cutoff, where ray asymptotes arrive at a common focal plane and the 

field fluctuations are minimum, enables optical imaging of rays. 

As discussed in the MIR section, an imaging reflectometry system requires that the 

wavefront of the probing beam match that of the cutoff surface. For example, a fixed frequency 

reflectometer system will require a shorter radius of curvature when probing low density plasmas 

(whose reflecting layer may be located near the plasma core) than when probing high density 

plasmas (whose layer may move considerably closer to the plasma edge).  Also, the various 

plasma modes have vastly different profiles. This obviously poses a serious constraint on the 

design of the imaging reflectometer system. 

A solution to this instrumental requirement is to develop an electronically controlled “lens” 

whose focal properties can be adjusted to the particular plasma of interest. A realization of such a 

“lens” involves the use of phased antenna arrays (PAAs) where a quadratic phase shift is 

programmed across the array using true time delay generated by nonlinear delay lines (NDLs)110-

113. 

Figure 44 illustrates the NDL principle whereby the propagation velocity on a varactor diode 

loaded transmission line is varied by changing the varactor diode bias voltage. 

)(/1 VLCvprop =       (9) 
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For frequencies well below the Bragg cutoff, this provides frequency independent true time 

delay. UC Davis has fabricated both hybrid and monolithic nonlinear delay lines, and shown in 

Fig. 45 is an example of the latter.  

Using an array of linearly tapered slot antennas preceded by NDLs, one has the capability to 

scan in the desired direction by electronically controlling the bias voltage of each NDL. 

Moreover, one can also focus/defocus the beam by arranging the bias to generate concave 

(focusing) or convex (defocusing) wave fronts as shown in Fig. 46. Shown in Fig. 47 is a 

photograph of a beam control PAA integrated with linearly tapered slot antennas61,62and 

monolithic NDLs, which has a 15± o  beam steering range in the 6-18 GHz region. 

The block diagram of such an NDL-based beam focusing/defocusing antenna array currently 

under development for the TEXTOR-94 MIR system is shown in Fig. 48. This 

focusing/defocusing array system will be operated at 88 GHz with 10% bandwidth. To ensure 

adequate signal power level at the imaging receivers, the output power of this array should be at 

least 50 mW to overcome the system loss and scattering loss from the plasma. The desired 

variable 3-dB beam width extends from 15° to 25°.  The envisioned system structure shown in 

Fig. 49 will be similar to that of the previous NDL-based PAA work. To satisfy the power 

requirement and to ensure that the NDLs operate at appropriate power levels, a GaAs MMIC 

chip amplifier providing 15-17 dB gain will be inserted after each NDL to provide 10 mW output 

per channel.  

An additional approach involves microelectromechanical systems (MEMS) in which the 

delay lines of the PAA are fabricated via MEMS microfabrication techniques114-116. UC Davis 
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has an active program in MEMS microwave varactors and switches, and has successfully 

fabricated both. Figure 50 displays a photograph of a MEMS switch which has been successfully 

operated at 75 GHz114 MEMS switching arrays with 20x20 of these single switches have been 

fabricated on  630um thickness quartz substrates with unit cell dimensions of 800µm x 800µm. 

The switching speed of the MEMS varactors is considerably slower (~1–10 µsec) than that of the 

corresponding GaAs varactors (~1–10 nsec), yet still sufficiently fast to compensate for the 

relatively slow (> ~ 1 msec) movements of the plasma cutoff layer. Yet another approach is to 

employ a quasi-optical array of MEMS switches which would function as an electronically-

controlled zone-plate lens which would be placed at the aperture of a microwave horn and 

thereby obviate the need for the W-band MMIC amplifiers and NDLs.  Finally, another 

interesting approach to beam control has been conceived by K. Chang of Texas A&M who 

utilizes a piezoelectric translator-driven perturber to vary the propagation velocity along low loss 

microstrip lines117,118. Beam steering of –34 to +26 degrees has been demonstrated at 26.5 

GHz118  and delay measurements have been made at frequencies as high as W-Band ( 75-110 

GHz )119. Although slower than either of the above technologies, this still appears to be suitable 

for the MIR beam shaping application. 

 

10. SUMMARY 

Plasma diagnostics has entered an exciting new era where new imaging diagnostics will 

permit the experimental visualization of turbulence. This is made possible by readily available 

high performance computing capability and the numerous advances in millimeter wave 

technology. 
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Figure 1. Characteristic frequencies of TEXTOR-94. 
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Figure 2. Schematic diagram illustrating the ECEI system principle. 

 

Figure 3. ECEI implementation on the RTP tokamak. 
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Figure 4. An m=2 mode is observed to be localized at the sawtooth inversion radius (r~3.5 cm), 
with a radial extent of less than 2 cm.  This mode is very stable, and can survive the sawtooth 
crashes. 

 

Figure 5. Observation of temperature profiles on TEXTOR-94 with ECEI. 
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Figure 6. Strong MHD mode in TEXTOR-94 generated by ECRH. Time starts from 1.566 sec. 
Sensitivity calibrated with Thomson scattering 

 

Figure 7. Correlation measurement of local electron temperature fluctuations. 
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Figure 8. Two point correlation measurement of electron temperature fluctuations. 
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Figure 9. Cross power spectral density and statistical dispersion relation of Te fluctuations 
measured at r/a = 0.7 during the flat top (0.1 - 0.35 s) of six reproducible discharges, with Ip = 
100 kA, n e =3.3×1019 m-3, Bφ = 1.88 T, and fLO = 120 GHz. The error bars denote the standard 
deviation over multiple realizations. The average of the cross correlation function has been 
subtracted. 
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Figure 10. 2-D image of the relative fluctuation level ( ,erms eT T% ) of the turbulent fluctuations (30-
170 kHz) measured at Ip = 60 kA, and en  = 1.5×1019 m-3. The color scale ranges from 1.8% 
(Red) to 0.3% (dark). The statistical noise level is about 0.3%. R is the plasma horizontal 
position (72 cm corresponds to the plasma axis) z is the plasma vertical position, and the yellow-
cross indicates the center of the vacuum chamber. The data are from about fifty identical 
discharges. 
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Figure 11. Schematic of the LHD ECEI System. 

 

Figure 12.  LHD ECEI Experimental Apparatus. 
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Figure 13. LHD ECEI System Airy Patterns. 
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Figure 14. LHD ECEI IF System. 

 

Figure 15. Time evolution of LHD ECEI IF signals. 
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Figure16. Comparison of 1-D (a) and 2-D (b) reflectometry. 

 

Figure 17. In-phase (I) and quadrature (Q) components of a TFTR reflectometer signal in a 200 
s window (left), and probability density distribution of the signal amplitude 22 QI +=ρ  (right), 
open circles are the Rayleigh distribution [ )exp(2 2ρρ − ]. 
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Figure 18.  Isometric surface plot of the normalized field amplitude of the reflected wave, from 
the numerical simulations in Ref. 7.  The plasma boundary is labeled rb, rc is the cutoff location, 
and rmin is the location of the “virtual cutoff”, which exhibits a minimum distortion of the field 
amplitude. 

 

 

Figure 19. Schematic representation of beam trajectories in the vicinity of the cutoff layer. 
Return rays appear to an observer at the plasma boundary to have undergone specular reflection 
at the virtual cutoff location. 
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Figure 20.  Results from a comparison study between standard (left) and imaging (right) 
reflectometry. 
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Figure 21. System configuration of an imaging reflectometry (a) and optical system layout of 
TEXTOR-94 MIR system (b). 
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Back Out of Focus

Into Focus  

 

Figure 22.  Complex field amplitude from the prototype TEXTOR-94 MIR system as the cutoff 
layer is swept through the focal plane of the imaging optics.  Each frame represents a 3 ms time 
window. 

 

Figure 23. Gaussian beam patterns (a, b, and c) launched from a high performance horn and its 
propagation through high quality optics (d). 
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Figure 24.  Laboratory setup for MIR system testing using a corrugated target mirror. Each 
target was tested using both the MIR configuration (above) and a standard 1-D configuration (not 
shown) consisting of a launched Gaussian beam and a receiving horn with no optics.  As a 
reference, each surface was independently measured using a visible- laser interferometer (Leica 
“Laser Tracker”). 

 



Invited Review Article: Review of Scientific Instruments, 2001 

 12

 

Figure 25.  Comparison of 1-D and MIR reflectometer signals, using target reflector with kθ of 
1.25 cm-1. Comparison of 1-D measurement (a) and MIR measurement (b) to reference 
measurement (green curve).  1-D measurement was taken at a distance of 30 cm and MIR 
measurement was taken at a distance of 235 cm.  Plot (c) is the cross-correlation of the power 
spectra produced by the 1-D and MIR reflectometers, plotted as a function of d, the distance 
between the instrument and the target surface.  The MIR focal plane is indicated by the vertical 
line at d=237 cm.  The region for d<50 cm is shaded, representing the region inaccessible to 
diagnostics for core measurements in standard tokamaks. 
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Figure 26. Combined 3 D ECEI and MIR system for simultaneous measurement of density and 
temperature fluctuations. 

 

 

Figure 27. Layout of the combined ECEI/MIR system, showing the TEXTOR-94 cross-section, 
the optical components, and the diagnostic support framework. 
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Figure 28. Equatorial (left) and poloidal (right) projections of a scattering geometry for the 
detection of poloidal fluctuations in NSTX with k⊥=30 cm-1. The beam trajectories (from a ray 

tracing code [20]) are those of points with e-2 intensity. Scattered signals can be imaged on 2-D 
array to measure spatially resolved multi-k spectras 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 29. Position of scattered beams on the focal plane (label is the value of k⊥); radius of circles is the 
waist of the scattered beam on the focal plane. Focal plane (40 cm x 40 cm) can be imaged on a small 2-D 
array. 
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Figure 30. (a) X-mode signal of the central horn of the detection system. The ECRH pulse is 
applied from 150 to 190 ms. (b) Central electron temperature in the plasma as measured by ECE. 
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Figure 31. Schematic drawing of the proposed cross-polarization scattering imaging system. 
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Figure 32. Schematic of the 2D imaging system on GAMMA 10. 

 

Figure 33. The Airy patterns in the horizontal and vertical planes. 
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Figure 34. The 2D image of a Teflon plate of 10.1 mm x 10.1 mm size and 1.5 mm thickness in 
horizontal and vertical directions. 
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Figure 35. The changes of the GAMMA10 density profiles dur ing the application of the 
ECRH.The starting time is 50 ms. The red color corresponds to 3.2x1012 cm-2. 
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Figure 36. The time evolution of the ECE profile: the contour plot of the 2D ECE intensity. 

 (a) 

E

  (b) 
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Figure 37.  (a). Sample layout of an ECEI array, and (b) photograph of a hybrid imaging array 
mounted in an RF shielded enclosure. 
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(a).  (b). 

Figure 38. Photographs of a monolithic slot bow tie antenna/mixer array assembled with printed 
circuit board (a) and close-up view showing the wire bonding. 
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Figure 39. E-Plane (a) and H-Plane (b) antenna patterns of the monolithic SBT array measured 
at 100 GHz. 

 

(a)   (b)    (c)  

Figure 40.  (a) The 85 GHz dual dipole antenna layout, and the corresponding (b) E-plane, and 
(c) H-plane antenna pattern simulation results at frequencies from 75 to 95 GHz. 
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Figure 41. Schematic of the 2-D imaging array. 

 (a). 

 

         (b).  

Figure 42. Mask patterns of the monolithic detectors integrated with bow tie antennas, Schottky 
diodes, and HBT amplifiers. 
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Figure 43. Heterodyne signal intensity as a function of IF frequency measured with a spectrum 
analyzer. 

 

 

Figure 44. Transmission line equivalent circuit model of a va ractor diode loaded Coplanar 
Waveguide (CPW) 

(a). 

 

 (b)

 

 (c). 

 

 

Figure 45.  (a). Eight of the 80 section NDLs (b). Single NDL section (c). Schottky varactor 
diode 
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 (a)  Defocusing PAAs (b)  Focusing PAAs 

 

Figure 46. (a) Convex wave fronts generated by defocusing PAAs  (b) Concave wave fronts 
generated by focusing PAAs. 

 

Figure 47. A proof-of-principle 1×8 PAA employing monolithically fabricated NDLs. This 
exhibited o15±  beam steering range in the 6-18 GHz region. 

 Imaging 
Array 

Illumination  
Source 

Plasma 

15 cm 

45cm 
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focusing/defocusing antenna array 

Beam Splitter Window 

 

Figure 48. Block diagram of MIR system integrated with the phased antenna array as the 
illumination source. 
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Figure 49. Block diagram of the NDL-based beam focusing/defocusing array 

 
 
 

 

Figure 50. Single Air Bridge Structure MEMS Switch. 
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