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Simulation of optical and synthetic imaging using

microwave reflectometry

G J Kramer, R Nazikian and E Valeo
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Abstract. 2-D full-wave time-dependent simulations in full plasma geometry are
presented which show that conventional reflectometry (without a lens) can be used
to synthetically image density fluctuations in fusion plasmas under conditions where
the parallel correlation length greatly exceeds the poloidal correlation length of the
turbulence. The advantage of synthetic imaging is that the image can be produced
without the need for a large lens of high optical quality, and each frequency that is
launched can be independently imaged. A particularly simple arrangement, consisting
of a single receiver located at the midpoint of a microwave beam propagating along
the plasma midplane is shown to suffice for imaging purposes. However, as the ratio
of the parallel to poloidal correlation length decreases, a poloidal array of receivers
needs to be used to synthesize the image with high accuracy. Simulations using DIII-
D relevant parameters show the similarity of synthetic and optical imaging in present
day experiments.
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1. introduction

For many years it has been argued that reflectometry can be used to image poloidal

density fluctuations in fusion plasmas [1, 2]. The essence of this claim is based on the

validity of geometric optics near the reflecting layer. By this we mean that if the density

fluctuations are sufficiently smooth and sufficiently weak that they predominantly

change the phase of the wave front without affecting its amplitude, then these phase

modulations can in principle be imaged onto a detector plane by using a lens located

outside the plasma. The quantitative interpretation of the measured signals in terms of

density fluctuations at the reflecting layer is straight forward provided these fluctuations

primarily affect the phase of the reflected waves. However, it was also shown [3] that

imaging can be performed even in the absence of a lens provided the fluctuations behave

as frozen structures that drifted poloidally across the detector array. This result, if

generally true, is of considerable importance as it would mean that the expense and

technical difficulties of constructing a lens based imaging system can be avoided. Till

recently there has not been the capability to model different imaging methods in order to

assess their relative merits in realistic geometries. In this paper we show that synthetic

imaging is practical for single frequencies, and potentially more practical for multiple

frequency beams in present day and future plasma experiments. The basis of this

evaluation is the simulation of many thousands of reflectometer measurements in full

plasma geometry using a highly efficient full wave algorithm [4].

Full wave simulations of reflectometry in a slab geometry with incident plane waves

has been used in the past to demonstrate the possibility of imaging density fluctuations

near a cutoff layer [5, 6]. However, when dealing with microwaves in the real world one

has to deal with nontrivial matters such as the curvature of the reflecting layer, the

up/down asymmetry in the plasma, the finite extent and divergence of the incoming

beam, the finite aperture of the receiver and not least, diffraction effects from limiting

apertures such as lenses. These issues all have an impact on the efficacy of imaging

reflectometry in fusion plasmas. For example, the importance of plasma curvature

and beam divergence was clearly identified when a realistic simulation was performed

for Alcator C-mod conditions, leading to the discovery of the phenomenon of super

resolution as it applies to reflectometry [7]. By super resolution it is meant that a

standard microwave receiver can have a greatly increased wavenumber resolution than its

apparent aperture suggests simply by the divergence of the beam from the curved cutoff

layer. Such nontrivial effects must be taken into account when judging the applicability

of optical or synthetic imaging in fusion plasmas.

Although optical imaging has been vigorously pursued in recent years, [6, 8, 9, 10]

synthetic imaging has not received the same degree of attention despite its obvious

advantages and relative simplicity. In the fact that the first demonstration of imaging

using reflectometry was based on a synthetic imaging algorithm applied to conventional

reflectometer data taken on TFTR [3]. Here the method of synthetic imaging is based on

the application of a numerical back projection algorithm. By the assumption of frozen
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poloidal flow of density fluctuations, the imaging scheme becomes particularly simple,

requiring only a single detector. The key element in this method is the requirement of

a high degree of poloidal coherence in the detected signal [11].

In this paper we discuss the relative merit and range of applicability of optical

(with lens) and synthetic (without lens) imaging using time dependent simulations of

2-D reflectometry in real plasma geometry. The full wave simulation code used to

model real and synthetic imaging allows the generation of time series data formally

equivalent to the signals detected in a real reflectometer experiment, and the results of

the simulations are investigated using time series analysis tools that are also used in

actual experiments, so that a robust determination can be performed of the possibility

of imaging under conditions that closely mimic actual experiments. An important result

from this work is that in rapidly rotating plasmas (such as in JET, DIII-D, and NSTX),

the possibility of synthetic imaging may be pursued as a low cost method for measuring

the poloidal structure of density fluctuations in the plasma. In addition, the method can

be used to determine if a more sophisticated synthetic imaging system using a poloidal

array of receivers is justifiable.

In section 2 details are presented on the full wave analysis code used to generate

time series data. In section 3.1 the imaging properties of an optical reflectometer system

with finite aperture effects and full plasma geometry are presented. Section 3.2 is

devoted to synthetic imaging, based on single and multichannel approaches. In section

4 a comparison between synthetic and optical imaging is made under DIII-D relevant

conditions and the limitations of the methods are presented. In section, 5 concluding

remarks and future directions for reflectometer research are discussed.

2. Time Dependent 2-D Full Wave Simulations

For our study of the imaging properties of reflectometer systems, we have used the 2-D

Full Wave Reflectometer code FWR2D [4] to simulate the electrical field scattered in the

poloidal direction from random density fluctuations. FWR2D solves the time dependent

scalar wave equation for the electrical Field E(x, t),

∂2E

∂x2
+

∂2E

∂y2
+ k2

0εE = 2iω
∂E

∂t

where x is the radial direction on the plasma midplane, y is the vertical (poloidal)

direction, k0 = ω/c, with ω the wave frequency and c the speed of light in vacuum,

and ε(x) the electric permittivity of the medium where ε = 0 at the reflecting layer and

ε = 1 in vacuum. The computational domain is divided into three regions: the vacuum

region, the paraxial region, and the full wave region. The waves are propagated in the

vacuum region between the transmitter/detector plane and the plasma edge with the

Fresnel-Huygens formula. From the plasma edge to the vicinity of the reflection layer

a paraxial approximation is made to speed up the computation. We have verified that

the paraxial solution is accurate by comparing it to the full wave solution in the same
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region. In the region around the reflection layer the full wave equation is solved. In the

paraxial and full wave region the full 2-D plasma geometry is taken into account in the

computations. (Further details on the calculations are given in [4]).

For the simulations in this paper we have used a DIII-D equilibrium with the

following parameters: toroidal magnetic field B=2.1 T, plasma current Ip=0.98 MA,

major radius R0=1.66 m, minor radius a=0.64 m, ellipticity 1.12, triangularity 0.21,

and central plasma density 1.6 × 1019 m−3. A microwave beam of 55 GHz launched

in the Extraordinary mode (E ⊥ B) propagates in from the low field side as shown in

figure 1a. The antenna was positioned 1.5 m from the plasma edge and the reflection

layer was located 10 cm inside the plasma.

In the absence of random variations in the plasma density, the wave equation

need only be solved once for each geometry and wave frequency. However, in order

to simulate turbulence with good statistical properties, many independent solutions to

the wave equation are required. A time dependent random density field is constructed,

comprising of 10000 time slices, with each time slice representing a two dimensional

random density distribution (in x, y) with the following spectral properties:

1

n2
〈ñ1 ñ2〉 =

(
ñ

n

)2

exp

(
−
(

∆t

τ

)2
)

exp


−

(
(x + vt) ·∆k

2

)2

 cos(x · k)

with ñ/n the density fluctuation level, τ the density decorrelation time, v the poloidal

velocity of the turbulence, k the mean value of the fluctuation wave number, ∆k its

spread, and x = (x1 − x2, y1 − y2) with x1 − x2 the radial and y1 − y2 the poloidal

displacement. Unless otherwise stated, we have used the following parameters in our

simulations: ñ/n = 0.1 %, τ = 600 µs, v = (0.0, 2.5 × 105) cm/s, k = (0, 0) cm−1,

∆k = (1.0, 1.0) cm−1, and ∆t = 1 µs.

The ensemble number is defined as the ratio of the reflectometer record length

divided by the autocorrelation time of the electric field at the point of measurement.

According to this criterion, the number of independent reflectometer realizations at the

detector plane is typically 1600, allowing accurate statistical properties of the scattered

field to be deduced.

3. Full Wave Simulation of Imaging Reflectometry

3.1. Optical Imaging

In a conventional reflectometer system a narrow beam of microwaves is broadcast into

the plasma and the reflected waves are detected with the transmitter antenna or with a

receiver antenna located close to the transmitter. Because of the plasma curvature and

the curvature of the wave front the scattered power is spread out widely at the antenna

plane (figure 1 a).

In an imaging reflectometer system a large aperture lens is used to focus the reflected

waves and to form an image at the image plane (figure 1 b) [6, 9]. When the fluctuations
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Figure 1. (a) The microwave intensity, |E|2, for a conventional reflectometer system
and (b) for an imaging system. In both cases the transmitter is located at the midplane
at 3.8 m from the torus center. For the imaging system a lens with an aperture of 1 m
and a focal length of 1 m was placed at the detector plane. The Focal plane of the
lens (hereby termed the Fourier plane) is formed at 5.8 m (purple line) and the image
plane is at 6.4 m (yellow line).

are weak the Fourier plane is characterized by a maximum in the electric field along the

optical axis (figure 2 a). This plane corresponds to the location where the unscattered

waves are most strongly convergent. When the density fluctuations at the reflection

layer increase, the focal point at the Fourier plane broadens and the intensity decreases

as is shown in figure 2 b-d for fluctuation levels of 0.1, 0.5, and 1.5%.

At the Fourier plane on the optical axis the amplitude fluctuations, calculated as

〈Ã2〉/A2 = 〈|E| − 〈|E|〉〉2/〈|E|〉2 (where 〈...〉 stands for ensemble averaging), reaches a

minimum (figure 2 e). This minimum disappears quickly when the density fluctuation

level at the cut off increases. A second minimum in the amplitude fluctuations is found

at the image plane (figure 2 f-h). This means that all the information on the density

fluctuations at the cut off layer is contained in the phase fluctuations at the image plane
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Figure 2. (a) The intensity, 〈|E|2〉, of the electrical field along the optical axis for
density fluctuation levels of 0.1% (black), 0.5% (blue), 1.0% (green), 1.5% (red), 2.0%
(magenta), 2.5% (cyan), and 3.0% (yellow). The intensity of 〈|E|2〉 as a function of
major radius and vertical height is shown for ñ/n = 0.1% (b), 0.5% (c), and 1.5%
(d). The intensity increases from black via blue, green, yellow, and pink to white. (e)
The relative amplitude fluctuation level along the optical axis (same color scheme as
in (a)). The amplitude fluctuation level as a function of major radius and vertical
height for 0.1% (f), 0.5% (g), and 1.5% (h). The fluctuation level increase from black
via blue, green, yellow, and pink to white. In (a) and (e) the Fourier plane (FP) and
image plane (IM) are indicated with dotted lines.
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Figure 3. (a) The microwave intensity, |E|2, in the vicinity of the cut off layer. The
yellow horizontal line indicates the radial and vertical position of a Gaussian density
disturbance. The phase at the image plane is shown in (b) as a function of the radial
position of the blob. The white dashed line is the location of the cut off layer at
the mid plane. The phase response at the image plane (black curve) and the density
perturbation (red curve) is shown in (c) for the case where the blob is located at the
cut off layer.

(Ẽ = A exp(iφ̃)), provided that the fluctuation level is small. The minimum in Ã also

decreases with increasing density fluctuation levels.

At the image plane we can indeed use the phase information to form an image of

the density perturbation at the cut off so long as the amplitude fluctuations are small

as is shown in figure 3. This was previously demonstrated in slab plane wave geometry

in [6]. In this simulation we moved a Gaussian density disturbance with a 1/e width of

1.0 cm along the optical axis from behind the reflection layer to the edge of the plasma.

At the image plane we have recorded the phase change as a function of the position of

the poloidal disturbance. In figure 3 b it is shown that an image is formed of the density

disturbance when the blob passes the reflection layer. the change of the phase at the

image plane follows accurately the change in the density at the cut off as can be seen in

figure 3 c. In figure 3 b a weak response can be seen beyond the cut off layer which can

be explained by the fact that the microwaves are sensitive to the density fluctuations

along the optical path in the plasma.

In order to investigate the vertical extent of the image plane we have mapped the

response at the image plane when we move the Gaussian density disturbance vertically.
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Figure 4. (a) The microwave intensity, |E|2, in the vicinity of the cut off layer.
The yellow vertical line indicates the radial and vertical position of a Gaussian density
disturbance. The phase at the image plane is shown in (b) as a function of the location
at the image plane. A clear phase response is obtained where |E|2 is high at the cut
off layer. The blue lines indicate the location of the cuts shown in figure 5.

From figure 4 it can be seen that over a range from about 10 cm below to 10 cm above

the mid plane a reasonable image is formed. Note that this image is 1.5 times enlarged

due to the magnification of the optical system. In figure 5 the phase response at the

image plane is compared with the density perturbation at the cut off layer. From this

figure it can be seen that at the edges of the image plane (frame a at -15 cm and d at

15 cm) the images are distorted whereas in between an accurate image of the density

perturbation is formed. The decrease in amplitude as shown in figure 5 b and d can be

explained by plasma curvature effects.

In the imaging simulations so far we have used a lens with an aperture of 100 cm.

Decreasing the aperture to 50 cm degrades the image as can be seen in figure 6: the

image plane becomes smaller, it shifts to a larger radius and the amplitude fluctuations

increase. It is therefore important for a reflectometer imaging system to use a very large

aperture which is often difficult on real machines because of the limited port access.



microwave reflectometry Imaging 9

−40 −20 0 20 40
location at the image plane [cm]

0.0

0.3

0.6
e

ph
as

e 
[r

ad
]

0.0

0.3

0.6
d

ph
as

e 
[r

ad
]

0.0

0.3

0.6
c

ph
as

e 
[r

ad
]

0.0

0.3

0.6
b

ph
as

e 
[r

ad
]

0.0

0.3

0.6
a

ph
as

e 
[r

ad
]

Figure 5. The phase at the image plane (black curve) and the density perturbation
(red curve, ñ/n = 0.1%) located at the cut off layer and (a) 10 cm, (b) 5 cm above,
(c) 0 cm above, (d) 5 cm below and (e) 10 cm below the mid plane.
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Figure 6. (a) The intensity, 〈|E|2〉, of the electrical field along the optical axis for a
lens with a diameter of 100 cm (black) and 50 cm (red) and ñ/n = 0.1%. The intensity
of the electrical field as a function of major radius and vertical height for a 100 cm (b)
and 50 cm (c) diameter lens. The intensity increases from black via blue, green, yellow,
and pink to white. (d) The relative amplitude fluctuation level along the optical axis
for the same two apertures. The amplitude fluctuation level as a function of major
radius and vertical height for a lens diameter of 100 cm (e) and 50 cm (f). The lines
in (e) and (f) outside the region where the beam power is significant are caused by
diffraction effects at the lens edges. In (a) and (d) the Fourier plane (FP) and image
plane (IM) are indicated with dotted lines.

3.2. synthetic imaging

Unlike optical imaging, synthetic imaging mimics the effect of a lens by removing the

phase mixing that occurs as a result of propagation away from the cutoff layer. We

can form an image of the turbulence in two different ways: as an image in time at a

fixed poloidal location or as a poloidal image at a fixed time. In the first approach we

use the reflected waves measured with a single detector over a finite time interval. In

the second approach the reflected waves measured across a vertical detector array at a
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Figure 7. scattering of a microwaves with incident frequency ω0 and wave vector
k0 = 2π/λ0 from a density perturbation with frequency Ωy and wave vector Ky .

single instance are used to reconstruct the density fluctuations at the cut off.

For the first method, using a single detector, consider figure 7. When a plane wave

propagating in the x direction with wave number k0 êx and frequency ω0 scatters from a

density perturbation with a poloidal wave number Ky êy and frequency Ω, the scattered

wave will have a wave number given by K± = (kx,±nKy) and frequency ω0 ± nΩ.

When Ω � ω0, a condition that is almost always fulfilled in microwave reflectometry,

then kx =
√

k2
0 − n2K2

y ≈ k0 − κ with κ = n2K2
y/2k0. It then follows that the phase at

a distance x from an object for a given wavenumber Ky is κx. If the waves propagate

with an effective poloidal phase velocity which is directly proportional to the poloidal

wave number, as approximately occurs with strongly rotating plasmas, then for each

frequency component of the measured signal, Ω, we can apply a phase correction of the

form exp(iα2Ω2x) where x is the effective distance from the object and α is the constant

of proportionality between the measured frequency and poloidal wavenumber.

Formally the synthesized image, E(x; t), may be generated by using the following

transformation:

E(x; t) = F−1
(
F (E(x0; t)) e(iα2ω2(x−x0))

)
where F(...) (F−1(...)) stands for the Fourier transform (inverse Fourier transform) and

E(x0; t) is the signal at the detector plane, x0, and x is the cut off layer. By varying the

back projection parameter (x − x0) we can identify if there is a virtual location in the

plasma where the amplitude fluctuations decrease and the phase fluctuations dominate.

This is the plane that formally corresponds to the image plane in a lens based optical

system.

In figure 8 there is a clear minimum in the amplitude fluctuations when we vary
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Figure 8. The amplitude fluctuation level for optical imaging (red) and synthetic
imaging (black) as a function of the major radius, R, with a fluctuation level of 0.1%.
The back projection parameter parameter for the synthetic image is R− 3.8.

the back projection parameter, (x−x0). The magnitude of this minimum is comparable

to the fluctuation minimum at the optical image plane.

As remarked earlier, for synthetic imaging to work well in this approach the

fluctuations have to propagate with a single well defined poloidal phase velocity for

each K. To put it another way, the turbulence can not decorrelate significantly as it

propagates across the beam width. The characteristic propagation time of a turbulent

eddy across the beam width, defined as tp = 2/(∆ky vp), should be much shorter than

the appearent turbulence decorrelation time τ , which means that the eddy has enough

time to move past the beam. From this it can be seen that a large E×B velocity is

favorable for this method [12], which can be obtained from neutral beam injection. The

characteristic time ratio: f = τ/tp should be much larger than one for synthetic imaging

in time to work properly. This is illustrated in figure 9 where we have used τ = 0.1 ms

and 1.0 ms to obtain f = 12.5 and 125.0, respectively. The synthetic image at f = 12.5

is degraded compared to f = 125.0 i.e. there are significant amplitude fluctuations for

f = 12.5 when the data is projected to the image plane.
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Figure 9. Contour plots of the distribution of the real and imaginary electrical field
amplitude. At the detector plane the phase (along the red curve) and amplitude
(perpendicular to the red curve) are mixed. Depending on the characteristic time
ratio, f , we can form an image with a single detector where the amplitude fluctuations
are greatly reduced.

To obtain a spatial image of the fluctuations we have to back propagate the

scattered electrical field to the effective location of the cut off layer where the amplitude

fluctuations are minimal. The electrical field at the cut off layer, E(xc), is obtained

from the electrical field at the detector plane, E(x0), from:

E(xc) = F−1
(
F (E(x0)) e(i(xc−x0)

√
k2
0−K2

y )
)

with Ky the perpendicular wave number of the scattered waves. In the next section we
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Figure 10. Contour plots of the distribution of the real and imaginary electrical field
amplitude. At the detector plane, which coincides with the location of the lens, the
phase (along the red curve) and amplitude (perpendicular to the red curve) are mixed.
Synthetic and optical imaging reduce the amplitude fluctuations drastically at their
respective image planes.

compare both synthetic imaging techniques with the results from optical imaging.

4. Comparison between optical and synthetic imaging

4.1. imaging in time

We should now be able to reconstruct an image of the density fluctuations at the cut

off layer from the (measured) electrical field fluctuations at the synthetic or real image

plane. Both optical and synthetic imaging can give the same low relative amplitude
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Figure 11. Phase fluctuations (in color) compared to density fluctuations (black) at
the cut off layer as a function of time. (a) At the detector plane the phase does not
track the density fluctuations accurately. The phase fluctuations after the synthetic
(b) and optical (c) imaging follow accurately the density fluctuations at the cut off. In
these calculations kr = 0.2 cm−1 was used.
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Figure 12. Linear correlation coefficient between the density fluctuations at the cut
off layer and the phase fluctuations at the detector plane (green), the image plane of
synthetic imaging in time (red), and the image plane of optical imaging (blue) as a
function of the fluctuation level.

fluctuations at their respective image planes as is shown in figure 10.

When we compare the phase fluctuations with the density fluctuations at the cut

off layer we find that the phase from optical and synthetic imaging follow the density

fluctuations at the cut off very well as can be seen in figure 11.

The results so far were obtained with a density fluctuation level of 0.1%. In most

plasmas, however, density fluctuations can be significantly higher. We have investigated

the effect of the density fluctuation level by calculating the linear cross correlation

coefficient, r = 〈ñ φ̃〉/
√
〈ñ2〉〈φ̃2〉 with φ̃ = φ − 〈φ〉, between the density fluctuation at

the reflection layer, ñ and the phase at the optical and synthetic image planes, φ. In

figure 12 it is shown that optical imaging works well up to a certain fluctuation level,

in our DIII-D equilibrium case up to ñ/n = 0.8%. Numerical imaging starts to degrade

from ñ/n = 1.0%, indicating a similar limit for detection, provided that f > 100.

For optical imaging in the microwave range of frequencies it is important to keep

in mind that there may be significant diffraction effects due to the finite aperture of

the receiving lens. These diffraction effects from the edges of aperture can contaminate

the image plane (see figure 6) and may limit optical imaging. The reason for this

contamination is that the returning beam is typically spread over much larger angles
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Figure 13. (a) Linear correlation coefficient between the density fluctuations at the
cut off layer and the phase fluctuations at the detector plane (green), the image plane
of synthetic imaging in time (red), and the image plane of optical imaging (blue) as a
function of the radial correlation length, λ = 2/kr. At short radial correlation lengths
the synthetic and optical imaging degrade. (b) Relative amplitude fluctuations as a
function of the radial correlation length for synthetic (red) and optical (blue) imaging
and at the detector plane (green).

than can be collected by an optical element. This spread is mostly due to the curvature

of the plasma. Numerical back projection is mostly immune to those diffraction effects.

Reflectometry is mainly sensitive to the density fluctuations close to the reflection

layer, however, fluctuations along the whole ray path can affect the measurement. In

order to investigate this effect we have varied the radial correlation length, λ = 2/kr ,

between 0.1 and 10.0 cm and calculated the linear cross correlation coefficient, r,
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between the density fluctuation at the reflection layer and the phase at the optical

and synthetic image planes. As the radial correlation length increases (kr decreases) the

cross correlation increases for both the optical and synthetic imaging (see figure 13a).

Moreover, the correlation coefficients for synthetic and optical imaging are very much

the same. At short radial correlation lengths (large kr) the correlation starts to decrease

for both methods, which is expected due to the short radial wavelengths. This decrease

is not correlated with an increase of the relative amplitude fluctuations at the image

planes as is shown in figure 13b. In fact the relative amplitude fluctuations are also

decreasing when the correlation between the fluctuations at the cut off and its image is

decreasing. Therefore, knowledge of the radial correlation length is needed to determine

if imaging is performed with either an optical or synthetic imaging system.

4.2. imaging in space

For the synthetic imaging using a vertical detector array we have taken the electrical

field at the detector plane of one simulation and projected it back to the reflection layer.

In contrast to the imaging in time case of the previous section where we have taken into

accout the effects of the finite size of the receiving antenna, we have not taken into

account these here for the detector array. By using the electrical field at the dector

plane we obtain an upper limit of the imaging possibilities. The effects due to a finite

detector size are beyond the scope of this paper. At fluctuation levels up to 1% we get

good image quality for both the optical and synthetic imaging over the poloidal range

that is lit by the microwave beam as is shown in figure 14a. At a higher fluctuation

level of 3%, however, the optical and synthetic imaging both fail (figure 14b).

In order to exploit the limits for optical imaging and synthetic imaging with a

detector array to the density fluctuation level and radial wave number, we have generated

time series from the imaged data at the optical axis for all the samples in each simulation

and calculated the linear correlation coefficient between the density fluctuations at the

cut off layer and the phase fluctuations of the imaged signals. We have scanned the

radial correlation length (figure 15) at a fixed density fluctuation level of 0.1% and the

density fluctuation level (figure 16) at a fixed radial wave number of 1.0 cm−1.

From figure 15 it can be seen that both optical and synthetic imaging in space

behave similarly with respect to the radial density correlation length. For high λ (low

kr) the correlation is high whereas at low λ (high kr) the correlation decreases rapidly.

For low fluctuation levels optical and synthetic imaging in space are equivalent but

the optical imaging technique starts to fail at lower fluctuation levels than the synthetic

imaging (see figure 16) although the difference is not significant.

Unlike synthetic imaging in time, which is restricted to poloidally rotating plasmas,

synthetic imaging using a vertical detector array has no such restriction.
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Figure 14. Phase fluctuations from synthetic in space (red) and optical imaging (blue)
compared to density fluctuations (green) at the cut off layer as a function of poloidal
distance for a fluctuation level of 1% (a) and 3% (b). The yellow region between
±10 cm was lit by the incoming microwave beam. At a 1% fluctuation level a good
image is formed with both optical and synthetic imaging techniques whereas at 3%
both techniques fail.
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Figure 15. Linear correlation coefficient between the density fluctuations at the cut off
layer and the phase fluctuations at the image plane of synthetic imaging in space (red)
and the image plane of optical imaging (blue) as a function of the radial correlation
length, λ = 2/kr. At short radial correlation lengths the synthetic and optical imaging
degrade.

5. Discussion and future directions

In the previous sections we explored the quality of imaging that can be obtained with

reflectometry using synthetic and optical imaging methods. One of the most striking

results of this study is the extent to which synthetic imaging methods may be employed

to reconstruct density fluctuations without complex optical systems. The synthetic

imaging methods also have advantages of independently imaging multiple frequency

beams.

Numerical back projection in time can already be performed with existing

heterodyne reflectometer systems provided that turbulent eddies propagate poloidally

as if frozen into the plasma. If this condition is not well satisfied then the quality of the

single detector synthetic image degrades and methods based on detector arrays will be

superior. This hypothesis of frozen-in turbulence can be tested in experiments where

two receivers are placed in the poloidal direction. From a time delay correlation analysis

between the two signals the vertical drift velocity and the correlation decay length in

the frame of the drifting turbulence can be independently determined. Such a study
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Figure 16. Linear correlation coefficient between the density fluctuations at the cut
off layer and the phase fluctuations at the image plane of synthetic imaging in space
(red), and the image plane of optical imaging (blue) as a function of the fluctuation
level.

using two point correlation methods has already been used to ascertain the E×B flow

of turbulent eddies [12].

Numerical back projection in space requires the construction of a poloidal array of

receivers. On current machines where the port access may be too limited to incorporate

a large lens an internal array may be an attractive option. The signals from this array

can then be used for synthetic imaging in space as explained above (section 4.2).

When addressing the issue of synthetic versus optical imaging in the microwave

range of frequency it is important to keep in mind two very critical issues: i) the effect

of the finite aperture of the receiving lens and ii) the signal resolution of the detector.

One limitation of optical imaging is the effect of diffraction from apertures, which can

contaminate the image, as seen in figure 6. In the case of synthetic imaging the effect of

edge discontinuities can be greatly reduced. The only requirement is that the receivers

measure the fluctuating electric field with high fidelity. However, with the use of modern

receivers and high power sources the fidelity of the signal can easily exceed 30 dB which

should be adequate for imaging.

So long as the radial correlation length of the turbulence is significantly longer
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than the beam wave length, the phase at the image plane corresponds closely to the

density structures at the cutoff layer. This is heartening, given that the beam is passing

through multiple structures on its way in and out of the plasma. However, as the radial

correlation length decreases, there is a degradation of the image quality even when the

amplitude fluctuations are weak at the image plane. The reason for this is that the phase

is now better represented as an ensemble average over independent turbulent structures

and over multiple radial correlation lengths in the path of the beam. Thus knowledge of

the radial scale length of density fluctuations is essential to determine if imaging is being

performed. In practice an imaging system, optical or synthetic, that claims to measure

local density fluctuations must combine the imaged phase with the measurement of the

radial correlation length of the fluctuations.
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