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Ahstract

Reflectometry applied to the measurement of density profiles on fusion plasmas has
been subject to many recent developments. After a brief reminder of the principles of
reflectometry, the theoretical accuracy of reflectometry measurements is discussed. The main
difficulties limiting the performance, namely the plasma fluctuations and the quality of the
transmission lines, are analysed. The different techniques used for reflectometry are then
presented .grouped into three different categories, depending on theTiequency spectrtmt-ofthe
probing wave: single frequency, few titsere-te frequencies, or broad spectrum. The present
status and achievements of actual implementations of these techniques are shown, with an
analysis of their respective limitations and merits, as well as foreseen developments. Finally,
a discussion of the various refl€CK>metry4echniques 4s made, in particniHrfonrferrabttH7~to
cope with plasma fluctuations and complex transmission lines, w>
next step machines and very severerrrvironmcnts.



1 - Introduction

Reflectometry is now widely applied to measure electron density profiles on tokamaks
and other toroidal magnetically confined plasmas. This development is quite recent and many
different techniques are applied. Results have been recently compared [1], but the choice of
the different techniques has not been extensively studied since the comparison made by
Costley in 1986 [2] and 1991 [3] in which most of the first reflectometry applications were
referenced. Due to the recent developments of new microwave components, we arrive now at
a point where several techniques can be applied in a new diagnostic: broadband or
narrowband frequency sweep, differential phase, amplitude modulation, pulsed radar, pulse
compression or noise correlation.

Most of these alternative reflectometry systems have respective merits and inherent
limitations. We propose in this paper to review the different techniques, by an analysis of
their principle of measurement, their practical implementations, the requirements and
problems encountered on real applications, and finally the expectations for future technical
developments. The systems are going to be described at today's development degree in
technology, complexity of analysis, etc. As we will see, important developments are still
under way, and in the mid term, there is a trend of convergence between the different
systems.

Reflectometry diagnostics can often be segmented into two major applications:
determination of density profiles and fluctuation measurements. Although fluctuations have
an important effect on measurements aimed at density profile reconstruction, development of
specific diagnostics devoted to fluctuation analysis will not be explicitly treated here.
Nevertheless, for some techniques where the measurement may be fast enough, rapid and
transient plasma changes can be recorded leading to possible fluctuations analysis by a
reflectometer which is primarily devoted to density profile measurements.

The various reflectometry schemes which have been developed for diagnosing electron
density profiles in hot plasmas are based on different methods of .measurement and specific
technology. Consequently they respond in different ways to the two main limitations
encountered, namely plasma fluctuations and parasitic reflections in waveguides. Depending
on the parameters of the plasma on which the measurements have to be performed, and of the
environment (size of the machine and accessibility) one system might prove to be more
suitable than the other.

The first reflectometers were developed on the principle of launching a single frequency
wave, linearly swept either through a continuous broadband frequency range, or through a
few separated narrowband ranges. Because the duration of the sweep was of the order of a
few milliseconds, these systems generally experienced serious problems due to density
fluctuations. Several different developments have been made, increasing the speed of the
sweep, or launching simultaneously several frequencies, to try to cope with these density
fluctuations. Depending upon the method implemented, different frequency spectra will be
launched to the plasma at a given instant (one, several or a range of frequencies) as will be
discussed later.

The paper is organised as follows. After a brief review of the basic principles of
reflectometry (section 2), the theoretical performance and limitations will be discussed in
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section 3. The various methods are reviewed in sections 4 to 6 with the emphasis on: a
description of the technique of implementation, an analysis of how the method can cope with
fluctuations and complicated waveguides, a discussion of some technological requirements as
well as limits due to specific problems of the implementation, and an overview of
expectations for future developments. In section 4, the implementation of the methods with a
single frequency spectrum will be presented, namely the classic, slow broadband or
narrowband systems, as well as the recently developed ultrafast swept reflectometers or the
pulse compression technique. Section 5 covers the methods launching simultaneously discrete
frequencies, such as the differential phase dual frequency and the amplitude modulation
technique. Section 6 covers the pulse radar techniques, with a continuous frequency spectrum,
which measure the time delay of the echo reflecting from the cutoff layer. In addition to the
pulsed radar technique which directly measures the time delay of a short pulse, this category
includes the noise correlation technique for which the time delay is obtained from the
correlation of a broadband noise signal. Finally, a summary and conclusions follow in
section 7.

2 - Reflectometrv theoretical basis:

The principle of reflectometry relies on the total reflection of an electromagnetic wave
at a cutoff layer where the local refractive index goes to zero (Fig. 1). Extensive descriptions
of reflectometry theory have been published elsewhere [4, 5, 6], and we will focus here on the
essential points. For propagation perpendicular to the magnetic field in O-mode, i.e. when the
electric field of the wave is parallel to the magnetic field in the plasma, the refractive index
can be written

03
== , 1 - nee (1)

co' y eome(27if)z

where ne is the electron density, cop the plasma frequency, e and mc the electronic charge and

mass, e0 the permittivity of vacuum, and f = — is the frequency of the probing wave. When
2K

the plasma frequency equals the probing frequency, the index of refraction becomes

rc r,

Fig. 1 Schematic representation of microwave reflectometry.
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imaginary and the wave is reflected. A direct relation between the cutoff density nc of the
layer where this reflection occurs and its corresponding frequency can be derived from
Eq.(l):

nc =c =
e~

In the case of propagation perpendicular to the magnetic field in X-mode, i.e. when the
electric field of the wave is perpendicular to the magnetic field in the plasma, the local
magnetic field has also to be taken into account through the electron cyclotron resonance
frequency C0ce, and the refractive index is:

—^ ——r-h" (3)
(0~ CO - COp - COce

When the wave propagates through the plasma, its phase is shifted proportionally to the
local index of refraction. In addition, for high temperature plasmas, relativistic effects will
induce some alteration to the propagation of the wave in the plasma, and some correction
factors have to be introduced [7]. After propagation through the plasma, to the critical density
layer and back, the reflected wave is phase shifted by

<P(O = — fn(r)dr - £ (4)
C J(f) 2

n being the radius of the plasma edge and rc(f) the radius of the cutoff layer for the frequency
f. The 7r/2 factor is introduced by the reflection on the cutoff layer. The one dimensional
solution given in Eq. (4) is valid under the conditions given by Ginzburg in [5], namely: the
variation of the refractive index [i is small within a wavelength and the dielectric constant can
be considered linear with the radius in the vicinity of the reflecting layer.

The phase shift cp is also equivalent to a time delay x after which the wave reflected on
the cutoff layer would come back:

x = - ^ (5)
2TT df

Using a set of measurements around a central frequency, the time delay corresponding
to the central frequency can also be obtained from a transposition between the frequency and
time domains through a Fourier Transform:

FT( ©W ) = 5(t - x) (6)

Reflectometry is an application of radar techniques, and more general information can
be found within the large variety of specialised books such as 18, 91.

In O-mode, from the determination of x for all frequencies within the range of interest,
the position of the cutoff layer position corresponding to the frequency fc can be computed
from an Abel inversion:

rc(fc) = - I t(f) , T „ (7)



From this computed position rc for all frequencies and hence, because of the relation (2)
between the cutoff density and frequency, the density profile can be extracted. It has to be
noted that O-mode measurements cannot be performed from f = 0. Therefore, an
extrapolation is necessary, from the density corresponding to the lowest measurement
frequency to the edge of the plasma, assuming some shape for the density profile. This
extrapolation can be made using data from other diagnostics when available, but different
locations (poloidally and/or toroidally) and time sampling between diagnostics may be a
handicap. Another way is to use the phase information contained in the lowest reflected
frequencies, as shown by Varela et al 110|.

For the upper X-mode, for which the cutoff frequency is finite, f - fcc = at
2K m

ne = 0, the specific determination of the density profile can be made from the very plasma
edge. For the X-mode, the profile inversion has to be performed by numerical procedures
[11]. When the X-mode radiation is reflected at very low densities, tunnelling to the upper
hybrid layer and power absorption can arise, leading to a practical loss of the reflected signal.
Densities of about 2.10^ cm'-' have been calculated as a reasonable lower limit (reflection
coefficient 0.8) for the case of the ASDEX Tokamak 112J.

3 - Theoretical accuracy of reflectometrv measurements

The performance of the reflectometer can be characterised by several parameters: range
resolution, ambiguity, range accuracy, etc. In a plasma, due to the fact that the "target" moves
with the probing frequency (i.e. the position of the reflecting layer varies with the frequency,
which is the fundamental property allowing density profile measurements from
reflectometry!), specific requirements are put on the radar parameters. Also important, is the
ability of the systems to overcome the effect of fluctuations from the plasma and spurious
reflections from the transmission line.

3.1 - Range resolution

Range resolution is the ability to separate beween two close targets. In vacuum
propagation and with reflection from a metallic target, it can be expressed as

( 8 )
2AF 2

AF being the bandwidth used to determine the phase derivative in phase measurements and Ax
the width of the radar pulse in time delay measurements. Resolution is essential because it
permits to separate (for further correction by software) reflections from windows, waveguides
and antennas. In the plasma it gives the possibility to distinguish between two close density
layers. To obtain high resolution (low AR), a short pulse or a large bandwidth is necessary.
However, the bandwidth in the plasma is limited and too broad a bandwidth can degrade the
results, as discussed below.

3.2 - Spatial sampling

The signal t(f) = — —— used to invert the density profile (Eq. (7)) has a k-spectrum
2K df

with a finite bandwidth that depends on the plasma profile and plasma fluctuations.
According to the Sampling Theorem in order to avoid ambiguity due to aliasing, the plasma
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should be sampled at N locations separated by Ar = 2IX/KM- The wavenumber KM can be

considered as the maximum wavenumber in the k-spectrum of the signal ——(r).
df

In order to be able to see the details and to avoid the induced errors in the profile we
must have a high enough KM- This means a short Ar and a high density of measuring points.
The limit to Ar is given by the theoretical thickness of the reflecting layer which can be
expressed in O-mode as [4]:

j-l/3

d = 15.24 104 I f ^ l (9)

Another important parameter is the unambiguous range R, that is the range within
which a plasma reflection can be measured without ambiguity. For the direct time delay
measurements, the time of flight within this range imposes the maximum pulse repetition rate.
For phase measurements, it is related to the Nyquist criterion and gives the maximum
frequency step of the measurements:

This means that two consecutive measurements have to be made for frequencies of the
probing wave separated at most by 5f.

For most of the present reflectometry applications, the total measured distance is shorter
than the unambiguous range and there is no aliasing. But if very long waveguides have to be
used, aliasing may have to be considered in order to increase the pulse repetition rate or to
limit the number of phase vs frequency measurements (N = Af/5f).

3.3 - Range accuracy

If the range resolution is the ability to discriminate between two close reflections, the
accuracy obtained for the calculated position of the reflecting layer can be much better and
depends upon the signal-to-noise ratio of the detected signal. The theoretical accuracy for
range measurements with a radar system is characterized by the rms range expressed as:

8R = —, c (11)

where (3 is the effective bandwidth and S/N the signal-to-noise (power) ratio 113, 14]. For a
gaussian shaped pulse, this expression can be written:

£E (12)
with g of the order of 3.

Small range errors imply both large (5 and S/N but an increase in (J may result in a
decrease in S/N due to the spread of power over the frequency band. Measurements of plasma
density profiles are also different from a reflection from a metal mirror, due to dispersion of
the probing waves in the plasma.

In the plasma, the position of the reflection depends on the probing frequency, and a
large bandwidth per point leads to a loss of spatial localization. Therefore an optimisation of
the resolution can be made by adapting the bandwidth to the plasma profile. Other limitations
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prevent an infinitely small resolution, such as the theoretical width of the reflecting layer
(Eq. (9)) or 2D effects (see Section 3.4). So, a detection of microstructures or small local
changes is restrained, even with a very good accuracy. Nevertheless, accurate and high
temporal resolution measurements allows to detect macroscopic plasma movements of very
small extension.

3.4- Spatial microturbulence

Due to the existence of small scale spatial structures in the density distribution, the
associated cutoff layer of each specific frequency may not behave as a plane reflector, but can
be considered as a lumpy surface made of small sub-reflectors. Each surface element would
give a weighted contribution to the reflected wave. In some conditions, the interference
between these contributions would give a signal with a strongly varying amplitude versus
frequency, just like a grating. This effect is intrinsic to the plasma, so for a given frequency at
a given instant, and whatever the technique of measurement, the detector may not receive
enough signal to make any measurement.

Conway [15J has applied an extensive numerical analysis on a regularly rippled surface,
showing that in some conditions, the attenuation can reach 45dB making phase derivative or
time delay measurements difficult, though heterodyne detection techniques can still cope with
this. Another effect is that during the transmission through the plasma, before and after being
reflected by the cutoff layer, local spatial fluctuations can also have an effect on the phase and
amplitude of the reflected waves.

In the presence of strong spatial turbulence in the plasma, the relevant issue is the
ability of the reflectometer to measure the average density profile. Two-dimensional analysis
of the phenomenon |16, 17] confirms that in some scenarios the level of interference in the
received signal is high and both phase and amplitude of the reflected beam suffer strong
oscillations. If we take a simple average of the phase versus time we get a noisy signal
because we are averaging together meaningful and random values. If, instead, a vector
average of the received E-field is performed (either in time or frequency during a frequency
sweep) the meaningful values are weighted with larger amplitude whereas the random ones
correspond to very small amplitudes and have little weight. As a consequence, the vector
average mainly takes the significant phase values into account and therefore leads to a
reconstructed profile which is a good approximation to the actual average density profile.

3.5 - Temporal sampling

Unlike many other diagnostics, the time resolution of the reflectometer has specific
limits due to the fact that the profile reconstruction is made on a step-by-step basis: to
localize one plasma layer, the information about all the outer layers is required. This means
that the complete profile should be measured in a time interval short enough to avoid major
changes of the plasma to occur. To reduce the effects of temporal fluctuations, two
approaches can be made:

On the lower limit, systems which sweep the frequency of a single channel along the
plasma radius need a minimum sweeping speed to be able to produce a reliable measurement:
each profile has to be taken faster than the typical MHD macroscopic perturbations (few
kHz). Also, for systems like FM swept frequency, which measure the time delay by
comparing the phase delay of consecutive frequencies, the sweep time must be fast enough to
"freeze" the plasma microturbulence (>HX)kHz) during the time needed to determine each
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data point t(f). This is necessary to avoid phase ambiguity in homodyne systems and to avoid
the "phase runaway" phenomena, observed in several experiments fl8, 191. The presently
achieved sweep times (2 GHz /microsecond) are in the safe side.

In the upper limit to the time resolution, specific limitations (other than speed of the
sweeper or signal to noise issues) come from the existence of spatial microturbulence, which
causes noisy signals. One of the ways to overcome this is to take time average of the
reflectometer signals while the microturbulence is moving in front of the antenna. This
procedure leads to the obtention of the true average profile, the averaging time required
depending on the characteristics of the turbulence. In the present day systems, this limitation
is not significant and full profit of the fast sweepers can be taken.

3.6 - Spurious reflections

The waveguide transmission line and the vacuum window necessary to transfer the
wave from the source to the plasma and back to the detector after reflection as well as the
vacuum window can introduce spurious reflections. For larger machines intended to produce
high neutron fluxes, like JET or ITER, all the electronics and RF components have to be
located far from the machine, preferably behind the biological shield for easy access. This
requires long and possibly complex oversized waveguides which may add parasitic
reflections if not properly optimised. Long does not necessarily mean inferior waveguides: on
JET, some reflectometry measurements are made in the equatorial plane through long and
oversized waveguides, but all the bends are in the same horizontal plane and have been
optimised to avoid parasitic reflections |2()|. Seen from the reflectometer side, they can be
considered as long but not complex. For specific applications, i.e. probing the high field side
or the divertor region, the waveguide configuration inside and nearby the vessel might also be
complicated. In order to reduce the effect of parasitic reflections, it is wherever possible better
to use a two waveguide system, one for launching the wave and one for the detection.

4 - Systems launching a single frequency spectrum

4.1 - Principle of single frequency systems

The single frequency spectrum method is the oldest and most widely used technique
employed for density profile measurements by reflectometry. The basic principle of this
method, as represented in Fig. 2, is the continuous measurement of the fringe frequency
fb resulting from the beating between the reference and plasma signals. This gives directly the
group delay dcp/dco needed for profile inversion according to:

^ = fb— (13)
dco b df /d t

where df/dt is the sweep rate.

Two approaches have been used: broadband and multiple narrowband swept systems.
For the broadband diagnostics, often named FM-CW (Frequency Modulated Continuous
Wave), the frequency is swept continuously through a wide frequency range in order to
access a large part of the density profile. In the narrowband scheme, several frequencies are
simultaneously swept over some small frequency range.
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Fig. 2 Schematic configuration of a frequency swept reflectometer with homodyne
detection.

The single frequency systems offer the advantages of CW measurements, namely its
hardware simplicity and the potential minimal spread in the transmitted spectrum. The
systems are usually subdivided into channels, corresponding to standard microwave bands,
but all frequencies can be launched through a single waveguide at the expense of a more
complicated system. The reference signal is obtained from a dedicated waveguide line or
from a known reflection in the main waveguide. The detected signal "A cos((p)" can be
recorded for further digital data processing or it can be converted to a number of fringes
through a fringe counter. For broadband systems, the group delay is obtained continuously
over a wide frequency range. In the narrowband approach, it is measured at several
frequencies and the profile is inverted by interpolating between the discrete data points.

4.2 - Slow FM-CW systems

First density profiles from reflectometry were obtained in TFR with an O-mode FM-
CW broadband system [21]. Other systems were implemented on Petula [22], TJ-1 [23],
ASDEX [24], Tore Supra [25, 26], DIH-D [27], Uragan-3M [28] and RFX [29]. JET has the
only reported narrowband reflectometer [20, 301.

These diagnostics probe the plasma with a slow sweeping rate (1-5 ms). Most of the
systems used Backward Wave Oscillators (BWOs) as microwave sources. In JET the narrow
band system employs solid state Gunn oscillators. In ASDEX, solid state Y1G oscillators
generating very stable sweepable signals (in 2 ms) were used for the first time. A single
reflectometry channel was employed featuring BWOs in DIII-D to probe the plasma in a
shorter time interval, 800 (is.

On Tore Supra, a broadband system is being used, employing the FFT method [25], so
it could also be described as a pulse compression system (see below). The reflectometer is
segmented in three independent frequency ranges (26-40, 33-50 and 50-75 GHz). Three
BWOs are simultaneously swept in 1 ms. The transmission lines are very short and in a
straight line, avoiding any spurious reflection from the waveguides. A single antenna is used
for launching and receiving the wave. A mica plate covers the end of the antenna and a
fraction of the reflected power from this plate creates the reference wave. Near the antenna, a
directional coupler sends the two waves (reflections from the plasma and the reference)

- 10-



towards the detector through a second waveguide. The recorded signal (A cos(p) is analysed
by sliding a fast Fourier transform. To overcome the fluctuation problem, enhanced numerical
analysis has been developed, to select the reflection peak within the parasitic peaks due to the
fluctuations [26].

A multi-channel narrowband sweep reflectometer has been implemented on the JET
experiment [20, 30]. The waves generated by Voltage-controlled Gunn diodes at different
frequencies are combined into a single oversized waveguide. Separate launching and
receiving antennas are used. The use of heterodyne detection techniques, employing phase-
locked local oscillators, makes it possible to detect the extremely weak signals (typically
-45dBm) which result from strong attenuation in the long waveguide runs. The phase changes
are measured by fringe counters or by a separate coherent detector system (equivalent to
homodyne detection). Each frequency sweep takes 3-6ms and is followed by a somewhat
longer period of fixed frequency. This so-called trapezium sweep [31] makes it possible to
determine the group delay times during the sweeps and, hence, the density profile, as well as
to follow the reflection layer displacements during the fixed-frequency periods and, hence,
density changes and fluctuations (Fig. 3). In order to limit the adverse effects of fluctuations,
the IF (intermediate frequency) signals to the fringe counters are strongly filtered (at 3kHz)
around the central frequency. This filtering imposes an upper limit on the fringe rate that can
be detected, and hence on the rate of the frequency sweep. The extent of the sweep is not
accurately known, for the sources drift in frequency with time, resulting in a large error in the
reflection layer position. One minimises this error by using the phase variation at fixed
frequency (between the sweeps) to refine the relative positions of the reflection layers, that is
the shape of the profile (Fig. 3). The uncertainty in the position, however, remains large.

Puto* No: 28148

Fig. 3 Illustration of the trapezoidal sweep method on JET. Continuous information
in time on the phase for the two extreme frequencies is obtained by a fitting
routine.



4.3 - Limitations of slowly swept single frequency systems

The main limitation of slow sweep FM-CW systems comes from the long probing
interval that permits temporal turbulence and rotating magnetic islands to interfere with the
measurements. The problem of fluctuations could be circumvented to a limited extent by
applying enhanced numerical analysis on the corrupted signal [26, 32) and/or by improving
the performance of the diagnostic and the quality of the microwave sources. In ASDEX,
detailed density profiles were measured directly from the raw data in Ohmic, Lower Hybrid
(LH) and H mode regimes. The steepening of the density profile at the edge and the flattening
at the centre during H mode could clearly be resolved. Density plateaus due to magnetic
islands and profile changes due to LH could be studied in detail. In L mode regimes,
however, the measurements required sophisticated filtering analysis and in density limit shots
with a higher level of fluctuations, the plasma peak was lost in many cases.

Concerning data processing, the fringe counting zero crossing measurements proved to
be very sensitive to the plasma fluctuations and digital data analysis was adopted in most
cases with the advantage of much higher sampling rates and independent group delay
measurements, where any temporary loss of fringes does not affect further measurements.

4.4 - Advanced broadband FM-CW systems

Important developments were made in the classical broadband technique that greatly
increased the accuracy and reliability of the density profile measurements. These include
ultrafast frequency sweeping, advanced technologies and improved data processing. Such
systems were implemented in ASDEX Upgrade |33| and in DII1-D [34], while similar
developments are currently underway on other machines.

The diagnostic on ASDEX Upgrade has six O-mode channels in the range 16-72 GHz,
corresponding to probing densities: 0.32 < ne < 6.4 1019 nr3 , installed at both the high and
the low field side (HFS and LFS), and two X-mode channels (50-72 GHz) at the LFS. The
diagnostic is fully operated by remote control. Losses are kept low by placing the emitter-
receiver sections close to the machine. A one-antenna configuration optimises the reception
and minimises the access to the machine, which is especially crucial for the HFS channels
with severe space constrains and complicated waveguide runs. Spurious phase contributions
from the transmission lines do not disturb the measurements due to the decoupling of the in-
going and out-going paths (see Fig. 4). The reference signal is taken from a metallic pin at the
antenna mouth to reduce the fringe frequency to the relevant plasma component. With the
adopted design, reflections from microwave windows do not interfere with the plasma signals
and phase contributions from the waveguide paths, or from thermal expansions of the in-
vessel waveguides, are eliminated because the reference and plasma signals suffer identical
phase shifts in the common path between the antenna and the detector.

The signals are generated by stable HTO oscillators and active frequency multipliers,
providing very reproducible ultrafast sweeps (> 10 fis). Linearity is not important because the
df/dt curve is measured accurately with an automatic calibration procedure and is included in
the data evaluation algorithm. As the plasma is "nearly frozen" during the probing interval,
the effect of temporal fluctuations is greatly reduced. Amplitude and phase modulations
originated by spatial turbulence are still observed and cannot be eliminated by sweeping any
faster but this does not prevent the measurements even with high turbulence.
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Fig. 4 Reflectometry system on ASDEX Upgrade.

In addition to ultrafast sweep, the other main feature comes from the use of a digital
frequency discriminator that can extract the group delay versus frequency continuously with
significative FM noise reduction. A complete profile is obtained from a single frequency
sweep, without any sophisticated filtering or averaging procedure [35]. Average profiles can
also be obtained either from smoothing each d<p/df (0 curve or averaging over some selected
number of d(p/dco curves. An initialization method was implemented, that uses the phase
information of the lowest frequencies to reduce the uncertainty of the initial radial plasma
position and density gradient [36|.
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Density profiles obtained during an ohmically-heated density limit discharge with an X-
point plasma configuration, where a Marfe occurred during the pre-disruption phase, are
presented in Fig. 5. The profiles were measured directly from the raw data at three typical
instants showing that the Marfe causes a strong peaking of the edge profile at the HFS, that
cannot be observed at the LFS. The LFS profiles are in good agreement with predictions from
DCN interferometry for the outer midplane. It can also be noted that the turbulence level at
the LFS is higher than that at the HFS. This asymmetric behaviour of fluctuations has been
found in different plasma regimes.

2.5

20
co '

"E 1.5

— 1.0
CD

0.

#4281 - High field side #4281 - Low field side

t= 2.220 s MARFE
— t= 2.190 s
—- t= 2.245 s

t= 2.220 s MARFE
t= 2.190 s
t= 2.245 s

100 110 120
R [cm]

130 210 220 230
R [cm]

Fig. 5 Density profiles obtained with the ultrafast sweep reflectometer on ASDEX-U.

On DIII-D, the reflectometry system has presently two X mode channels in the Q (33-
50 GHz) and V (50-75 GHz) frequency bands. Oversized waveguides are used to reduce the
attenuation, while mode generation is minimised with bends of reduced height [27]. A bistatic
horn arrangement is employed and a shutter is placed inside the machine for phase and
distance calibration. The equipment is located outside the vacuum vessel to ease the access.
Microwave sources are BWO tubes that can sweep a complete frequency band in 300-500 \is.
Frequency calibration was improved and fringe counters were replaced by fast digitizers for
digital data analysis. An analog heterodyne demodulation was implemented in software
corresponding to a digital complex demodulation. This technique is much less sensitive to
noise and amplitude modulation effects than zero-crossing or peak finding techniques. It
enables the signal phase to be extracted with subfringe (<7t/10) accuracy. The density from
reflectometry is in excellent agreement with Thomson scattering profiles in Ohmic and
H-mode plasma. The edge steepening of the profile could be resolved. In H mode, with higher
level of plasma fluctuations phase smoothing and/or averaging over several samples is
required.

4.5 - Pulse compression

From the civil or military radar applications, an extension of the FFT analysis described
above (Eq. (6)) has been originally proposed to be applied to reflectometry in [37]. This
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4.5 - Pulse compression

From the civil or military radar applications, an extension of the FFT analysis described
above (Eq. (6)) has been originally proposed to be applied to reflectometry in [37]. This
method, named pulse compression, relies on the relation between the pulse width and its
bandwidth: Af.At = 1. By Fourier transform, a pulse can be decomposed into discrete
frequency components, each with a particular amplitude and phase. If for each frequency
component, the amplitude and phase of a monochromatic wave reflected by the plasma are
measured, an inverse Fourier transform therefore provides the same information as the one
obtained by a real pulse, that is the shape of the echo in the time domain. The principle of the
measurement consists therefore of launching sequentially a set of discrete waves towards the
plasma (Fig. 6), contained within a total bandwidth Af. For each frequency fj, the amplitude,
A(fi), and phase, cp(fi), of the reflected signal are measured by a heterodyne detection

technique. By applying a Fourier transform to the complex array A(fj)e'^ ' in the frequency
domain, a transposition to the time domain is effected. The temporal response obtained,
corresponds exactly to the structure of the echo reflected from an equivalent gaussian shaped

pulse of duration At = — . If the sole reflection is from the plasma, only one peak will
Af

appear, but, if the transmission line is poor, many other parasitic reflections will also be
present. In order to obtain good precision, the source has to be very stable and reproducible,
and the complete measurement has to be made on a time-scale, T, which is short relative to
that for plasma fluctuations. T can be much longer than the reconstructed pulse width, At,
and, since more energy is emitted from the source, this leads to a greater signal-to-noise ratio
and therefore better precision. The compression factor, that is the ratio T/At, expresses this
improvement.

Pulse compression radar applied to plasma reflectometry has been possible only
recently, due to the advent of fast frequency synthesizers. They can jump between any
frequency in 100 ns, from very low frequencies up to 40 GHz with a stability and

Frequency

i

N steps

Time

Fig. 6 Representation of the successive discrete frequencies launching for pulse
compression radar measurements.
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reproducibility of the order of 1 Hz. To cover the full reflectometer frequency range a
frequency multiplication or any kind of up-conversion can be used. This very high precision
reproducibilHy and stability of the sources enable also a numerical correction procedure to be
applied which virtually eliminates the effects of the parasitic reflections. The signal returning
from the plasma is down-converted and the phase and amplitude are detected and recorded
using heterodyne detection.

n s JihiSA * c h n i q u e h a s b e e n r e c e n t l >' t e s t e d ^ long and complex waveguides at JET
[38, 39]. A first test with 110 m of highly oversized S-band waveguides, simulating a plasma
by a metallic reflector, allowed the optimal operating conditions and parameters to be
determined. It showed in particular the possibility to correct for a very h lgh level of parasitic
reflections created in the waveguides. A series of tests on plasmas, in the range 26-36 GHz
proved the validity of the method, even when the same transmission line and antenna were
used for the launched and returned waves. As an example, Fig. 7 shows the reconstructed
pulse with and without correction: without correction, the plasma reflection is far below the
reflections due to the double windows in the JET waveguides. After correction, all parasitic
reflections have been cancelled, and the plasma reflection is 10 dB above noise Its position
can be determined with a good accuracy. From the set of experiments in different
configurations, the optimal bandwidth has been found to be of the order of 2 to 4 GHz and an
accuracy of 1 cm has been achieved.

,.Putse No: 30147

20

10

(dB)

corrected

"0 2 6 8 10
Path length (m)

12 14

Fig. 7 Reconstructed echo structure with pulse compression radar. Before correction
(top), the path length of the plasma echo (at -8 m) is 20 dB below many
parasitic reflections, including the double windows (at -4 m). After correction
(bottom), the plasma echo is 10 dB above noise.
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4.6 - Merits and limitations of single frequency systems

The frequency spectrum launched towards the plasma is very simple, because made of a
unique frequency at a particular time. The broadband systems have the inherent advantages of
probing the plasma with the highest possible spatial sampling rate that is crucial to obtain
detailed density profiles and to increase the precision of the results. The sweep is preferably
linear but not necessary if the frequency characteristic is well calibrated. With the ultrafast
sweep the problem of fluctuations is greatly reduced and the quality of the measurements is
improved with the use of solid state oscillators.

Narrowband swept systems produce less accurate results due to the limited data
available, but may be important when high incident power is needed, for example at the
divertor where strong refractive effects are expected leading to severe losses in the plasma
path.

The spurious reflections issued by the transmission lines can be a problem when these
lines are long. The use of separated transmission lines for launching and receiving with
optimised configurations and synthesized references are possible solutions. The advances in
the digital data processing were a major step to avoid the problems encountered with the
hardware solutions: sensitivity to fluctuations and a priori fixed settings. The digital analysis
is much more flexible because the data can be acquired with a sufficiently large bandwidth to
cover large profile variations. The analysis bandwidth can be matched to the profile which
results in the optimisation of the range resolution and range accuracy for the available signal-
to-noise ratio.

Limitations of single frequency systems may be directly connected to the actual
implementation rather than to the method: a moderate dynamic range due to the homodyne
detection, sensitive equipment placed close to the machine, in-vessel directional couplers or
performances of the microwave sources.

For pulse compression, with a frequency synthesizer launching sequentially discrete
frequencies, it takes some time to determine a single time delay, and the plasma cannot be
regarded as being frozen, even if this time may be very short. Depending on the complexity of
the transmission line, 20 to 100 frequency steps are necessary to reconstruct the pulse [38,
39], Therefore, with a frequency synthesizer able to jump between frequencies in 100 ns, a
series of measurements for one pulse reconstruction would take 2 to 10 us. This value has to
be multiplied by the number of probed frequencies necessary to reconstruct the profile with
the required precision. Instead of this multichannel description, the whole frequency range
can be continuously covered, as with a broadband swept system. In fact, these techniques are
not completely different, and the broadband ultrafast sweep technique could be used for pulse
compression, or vice versa.

Concerning 2D effects, pulse compression does compute the amplitude of the pulse. So
if there are destructive interferences, the amplitude is low and that specific pulse
measurement can be ignored. An extensive analysis of measurements made at JET showed
that this selective data rejection works very well 139]. Even though a frequency synthesizer is
not as fast as an ultrafast swept source, it can launch the frequencies randomly, in order to
avoid any effect due to coherent fluctuations or plasma rotation.
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4.7 - Further developments of single frequency systems

The most important development to be made (presently in a design phase) concerns a
sensitive heterodyne detection compatible with the ultra fast sweep operation. This will
enable the maximum possible sensitivity in reflec tome try, as the limiting factor is the plasma
noise emission that can easily be detected with heterodyne systems. In addition, the effect of
plasma noise temperature will be reduced.

The sources can also be improved, if necessary, using the standard YIG or HTO solid
state oscillators with frequency synthesis techniques. Those oscillators provide both very high
stability and ultra fast frequency variations (10 (is full band sweep). Sources based on TWT
or solid state amplifiers of very high power (followed by high efficiency multipliers) may be
an interesting option when strong attenuation in the plasma path is expected, as in the probing
of the core plasma.

Finally, further improvements can be made for data analysis. As an example, neuronal
network is being considered for real-time profile measurements that may be used for plasma
control purposes.

For pulse compression, the main technological requirement is the availability of a very
stable and reproducible source. The longer and the more complex the waveguides, the better
the source has to be. Fast frequency synthesizers, stable to within 1 Hz, are commercially
available, which is much better than needed. Therefore, pulse compression radar is a very
promising technique when long and complex waveguides are unavoidable. As its application
to plasma reflectometry is very recent, more extensive tests are to be made to determine the
operational limits and performances on various plasmas and waveguide configurations.

5 - Systems using several simultaneous frequencies

The Amplitude Modulation and Two Frequency techniques were originally proposed
[40, 41, 42] as a solution to the problems suffered by the classical swept re Hectometers which
used to operate with slow sweep rate. In both systems the time delay is measured through the
phase delay between closely separated frequencies which are simultaneously launched. As a
result of that, the phase shifts to be measured are much smaller than those obtained with the
swept systems, which perform the measurement directly at the mm wave frequency (usually
multiradian).

The relationship between the differential phase and the time delay is simply given by he
expression:

x = - L ^ (14)
2n fm

where fm is the modulation frequency in the AM case and the frequency difference in the two
frequency method.

In the AM system, the spectrum is generated by the modulation of the millimeter wave
carrier:

E(t) = Eo ( 1 + m cos 27ifmt ) cos 2ttft

= Eo cos 27rft + —Eo cos 2rc(f-fm)t + — Eo cos 2rc(f+fm)t (15)
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The time delay of the signal for the carrier frequency is measured through the phase
delay between the modulating envelopes of the launched and reflected beams. The principle*
of the measurement is described in Fig. 8. For the Two-Frequency system, the phase delay
between both frequencies is directly proportional to the time delay of interest (Fig. 9). Both
systems can be either swept or operated with several discrete frequency channels in order to
cover the density profile.

source mod.
f, f ± fm

fm Tfm+A(p
phase

detection

Fig. 8 Schematic diagram of an AM reflectometer.

f1 ,f2

cos A <P sin A 9

Fig. 9 Schematic diagram of the dual frequency differential phase reflectometer
system.
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5,7 - Present status and achievements:

Amplitude modulation systems have been installed and operated on the PBX-M |43,
44], W7AS [45], TJ-1 [46], T-10 [47], Alcator C-mod [48], FTU [49] and DIII-D [50]
experiments. Among the various experiments using the AM technique we will briefly
describe the results obtained with the swept systems used in the PBX-M tokamak and the
W7-AS stellarator.

A system operating in the range 32-50 GHz, X-mode, has been installed for edge
density profile measurements in PBX-M [43, 44]. The system uses independent launching
and receiving hog-horn antennas and the detection of the envelope is performed directly at the
mm wave frequency. The modulation is performed at 200 MHz by a PIN switch . The
envelope, carrying the time delay information, is downconverted to a 1 MHz IF and phase is
compared with a reference signal, which originates from the detection of a fraction of the
launched wave coupled off at the modulator output.

Low noise preamplifiers and limiting amplifiers with a very low conversion of
amplitude modulation to phase modulation were used and constitute some key elements in the
overall performance of the detection system. Sweep along the frequency range is performed
in order to have the profile information. Edge density profiles in good agreement with
Thomson Scattering measurements were systematically obtained. No significant perturbations
caused by the strong edge turbulence were observed. The system was also used to search for
possible deformations in the edge density profile caused by the ponderomotive force during
Ion Bernstein Wave (IBW) heating. Fig. 10 shows the expected perturbations which increase
for the higher IBW power levels. The effect displacements of some density levels of the order
of 1 cm is clearly seen in the profile confirming the theoretical expectations.

Low noise preamplifiers and limiting amplifiers with a very low conversion of
amplitude modulation to phase modulation were used and constitute some key elements in the
overall performance of the detection system. Sweep along the frequency range is performed
in order to have the profile information. Edge density profiles in good agreement with
Thomson Scattering measurements were systematically obtained. No significant perturbations
caused by the strong edge turbulence were observed. The system was also used to search for
possible deformations in the edge density profile caused by the ponderomotive force during
Ion Bernstein Wave (IBW) heating. Fig. 10 shows the expected perturbations which increase
for the higher IBW power levels. The effect displacements of some density levels of the order
of 1 cm is clearly seen in the profile confirming the theoretical expectations.

The reflectometer at W7AS operates also in the X-mode, in the frequency range 75-110
GHz, using independent launching and receiving antennas. The modulation is performed by a
PIN diode at 130 MHz. The system uses heterodyne downconversion in a balanced scheme
which provides a final IF with high stability |45], The operation with a very stable IF allows
for separated amplification of carrier and sidebands in order to improve the dynamic range of
the system. The differential phase measurement is performed between the envelope of the
modulated reflected beam and a signal originating at the modulator driver. A sin/cos phase
meter with high bandwidth (5 MHz) was used. Profile measurements were obtained with this
system (see Fig. 11) in good agreement with data from Thomson Scattering and Lithium
beam diagnostics.
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Fig. 10 Evolution of the density profile during IBW heating on PBX-M. A decrease in
the edge density is seen as the IBW power increases.
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Concerning the two frequency approach, a swept X-mode system has been implemented
on the TFTR Tokamak |51J. A single swept oscillator is used followed by three parallel up-
converters (operating in the range 15-20 GHz) and a series of frequency multipliers. Two of
the generated frequencies are used for the differential plasma probing (range 90-120 GHz)
whereas the third one is used as local oscillator for the heterodyne detection system which
provides the final phase delay between the two reflecting frequencies. As in the AM systems,
independent launcher and receiver antennas are used.

The TFTR system has been used for the probing of the edge density profile [52, 53].
The profiles obtained were consistent with the results from the multichannel interferometer.
No significant perturbations by the presence of a high turbulence level were observed.
Reflectometry data from the very edge (Fig. 12) provided useful information for the inversion
of the interferometer profiles.

Data availability was very high for all these systems despite the typically large
fluctuation levels at the low field side edge. For the PBX-M system more than 80% of the
measurement attempts produced good density profiles with automatic reconstruction from the
raw data, most of the failed cases were considered to be caused by the small bandwidth of the
linear phase meter. In the case of the W7AS system, the proportion of failed measurements
was much lower (less than 5%), mainly due to the higher dynamic range of the receiver and
the use of the larger bandwidth phase meter. In both cases low pass filtering of the raw signal
was the only signal processing required for the extraction of the time delay.

5.2 - Advantages and limitations of the AM -Two frequency methods:

One of the main advantages is the simultaneous launching of the whole spectrum
necessary for one time delay measurement, this makes a direct determination of the time
delay possible, without the need for very fast frequency sweeping, which otherwise is
required to avoid temporal plasma fluctuations and phase drift phenomena [18, 19]. On the
other hand, a fast sweep might be desired for better time resolution or to avoid macroscopic
changes of the plasma during the sweep. However, if the reflecting points of the different
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Fig. 12 Density profile obtained in TFTR by Abel-inverting a combination of the
measured MIRI line-averaged density data with calculated line-averaged
density data from the reflectometer profile [48].



frequencies are close enough (typically within one radial correlation length of the turbulence)
most effects of the temporal or spatial turbulence cancel because the major part of the phase
shift is common to the different frequencies.

Concerning the capability of averaging the turbulence to produce a density profile, both
AM and Two frequency reflectometers are compatible with a narrow band final detection
which improves the final signal-to-noise level and plays the role of a vector average. This
kind of average give less weight to the instants with low amplitude, which correspond to
situations with strong interference and distorted phase, on the other hand signals with large
amplitude are mainly taken for the average. As a result of this, the filtered time delay signal is
a good approximation to the time delay of the non perturbed profile.

Both systems can operate without special stability requirements on the oscillator. The
swept rate, imposed by characteristics of the main oscillator , can be very fast (in the case of
HTO devices, the sweep time can be as short as 10 microseconds). Nevertheless fast time
resolution always implies a larger final bandwidth and, hence, the signal-to-noise issues have
to be considered.

The choice of the modulation frequency (frequency increment in the two frequency
system) has to take into account two limitations: on the one hand it must be small enough to
avoid too large phase excursions (ambiguity) as well as being within the correlation length of
the fluctuations. On the other hand, if the modulation frequency is very small the phase delay
corresponding to the required spatial resolution can become below the capabilities of the
phase meter : for example, for a modulation frequency of 40 MHz (very low compared with
the 150-200 MHz typically used ), a displacement of 5 mm in the profile would lead to a
phase delay of 0.5° which would require a very high detection sensitivity. This limitation can
be overcome by the use of modulators with several simultaneous modulation frequencies (e.g.
square wave modulation...) and application of selective phase analysis: the lower frequencies
are used to avoid ambiguity whereas the larger ones provide the required accuracy. The beat
signal between both sidelines of the AM spectrum can also be used for obtaining information
at two times the modulation frequency. So, the problem of resolution with these systems is
not due to bandwidth but to the fact that we have too many unknowns (phase and amplitude
of the parasitic reflections) and too little equations: phase difference between the launched
frequencies.

The existence of parasitic reflections is an important limitation for the AM and dual
frequency systems if we want to use them in the basic configuration (either homodyne and
heterodyne): the system operates with a few frequencies (2 or 3) and lacks range resolution
(single target radar system), even though the accuracy can be very high. The direct
measurement of the time delay is only possible if the plasma reflection is the dominant one,
this can be usually guaranteed by operating with separate launching and receiving horns. As
an example, the TFTR Two-Frequency reflectometer operates succesfully with a two antenna
system using long oversized waveguides (see ref. 48). Multiple reflections in the waveguides
are a less severe problem and their effect can usually be removed by subtracting a calibration
measurement. On the other hand, it is important to remind that, independent of the technique
used, parasitic reflections may degrade the overall reliability of the system and must be
minimised.
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5.3 - Technical requirements and ongoing developments

Concerning the technical side, the AM system can produce good results even with the
simple direct detection configuration with a PIN or mixer modulator as the most demanding
millimeter wave component (PBX-M system). It offers one of the best solutions for the
measurements of the density profile in moderate size machines where the waveguide runs are
not very long. The AM system can be made more complicated if required and can include
heterodyne detection to improve the dynamic range (W7AS). The Two-Frequency system has
a degree of complexity similar to that of the heterodyne AM system.

The performance of the AM/Two frequency philosophy (simultaneous launching of a
few sharp frequencies), can be highly improved by the use of more sophisticated equipment
and hybrid techniques. A possibility to overcome the effects of parasitic signals would be the
measurement first of the phase and amplitude of the carrier and the envelope for reflection
without plasma and then extract the relevant information from the measured data when the
plasma is present. This technique would require high quality oscillators and fast digitizers like
those proposed for pulse compression systems and would keep the philosophy of
simultaneous frequency launching and the instantaneous determination of the time delay. As
an example of hybrid AM-Pulse radar technique, a combination of pulse launching (in order
to discriminate parasitic reflections) and AM-like radiofrequency detection (phase analysis at
the pulse repetition rate) would remove the problem of parasitic references and would also
lead to an improvement of the standard signal to noise demands in pulse radar systems by the
use of a narrow final band.

Another possibility to overcome the effects of parasitic signals would be to measure the
phase and amplitude of the carrier and the envelope without plasma and then to subtract this
calibration from data measured when the plasma is present. This technique would require
high quality oscillators and fast digitizers similar to those proposed for pulse compression
systems and would maintain the principle of simultaneous frequency launching and the
instantaneous determination of the time delay.

6 • Broad frequency spectrum

6.1 - Principle of pulse radar techniques

Broad frequency spectrum reflectometry is based on the standard radar technique, of
measuring the time of flight of a short pulse echo reflected by the plasma. Noise correlation
radar uses similar principles.

In pulsed radar reflectometry [54] short microwave pulses (of duration of ~ 1 ns) are
launched into the plasma (see Fig. 13). The basic quantity that is measured is the flight time
of the microwave pulses towards the critical density layer and back (see Eq. (5)). In order to
obtain the full electron density profile, pulses at many different carrier frequencies have to be
launched into the plasma, either simultaneously or successively.

Because of its short duration, the pulse has a frequency spectrum with a finite
bandwidth f ± Af/2 (usually with a Gaussian distribution, if the pulse itself is Gaussian). Af is
equal to the inverse of the pulse width.
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Fig. 13 Schematic diagram of a pulsed radar refiectometer. The pin switch
transforms, upon triggering the microwaves from a cw source into short pulses.
The trigger unit also starts the counter, which is stopped again by the pulse
reflected in the plasma.

Noise correlation radar is a relatively new approach to reflectometry systems [55]. A
broadband noise signal around a chosen central microwave frequency is transmitted to the
plasma and detected after reflection (Fig. 14). A fraction of the original signal is fed into an
adjustable delay line, which is tuned such that its delay matches that of the plasma path. This
is done by determining the correlation between the plasma and the reference signal as a
function of the delay in the reference path. The correlation function is an oscillating signal.
The position at which the envelope of the correlation function has a maximum corresponds to
the position of the reflecting layer.
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Fig. 14 Schematic diagram of a noise radar refiectometer. The fixed delay line corrects
for the time delay of the pulse in the waveguides and electronics, while the
computer controlled delay line.
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6.2 - Present status and achievements

Although the application of pulsed radar to thermonuclear plasmas is rather recent, the
method has been used already many decades for military and civil purposes. The
technological constraints for plasma measurements are much more stringent than in the other
applications. To obtain an accuracy of 1 cm in vacuum, a measurement precision of 60 ps is
required. As has been shown in Section 3, the accuracy can be much better than the
resolution, depending upon the signal-to-noise ratio. The optimum pulse width is a trade-off
between the frequency bandwidth one wants to use (pulse broadening increases strongly for
shorter pulse widths) and the ability to resolve flight time differences which are much smaller
than the pulse width (which is mainly a signal-to-noise issue). Considering all these effects,
the optimum pulse width is of the order of 0.5 - 2 ns, which corresponds to a bandwidth of the
order of about 1 GHz.

Pulsed radar reflectometry was proposed simultaneously in 1990 by two different
groups (RTP at FOM - Nieuwegein and TRINITY - Troitsk) in the framework of the
diagnostic work for the ITER CDA phase. The first experimental results with a one-channel
system were reported by the RTP-team in 1991 [54, 56, 57]. A one-channel pulsed radar
system was also developed for T-11M [58, 59]. More recently, four-channel pulsed radar
systems have been developed and are presently in operation at RTP [60, 61, 62J and START
[63]. The basic difference between the systems at START and RTP is that the former is
homodyne and the latter heterodyne. Below we will briefly describe the four-channel pulsed
radar system at RTP [62].

Four cw sources (Impatt oscillators; 29, 33, 36 and 39 GHz) are used to generate the
different probing frequencies (Fig. 15). A single-pole four-throw PIN-switch is used to
successively switch between the different frequencies. A fast PIN-switch is applied to chop
the cw signal into a short pulse with a width of 700 ps. In order to obtain a high dynamic
range, heterodyne detection techniques are applied, using a similar set of four cw sources and
a single-pole four-throw PIN-switch to feed the LO input of the mixers with frequencies
which are 18 GHz above the probing frequency. The flight time is directly recorded with an
accuracy of 70 ps by means of a especially developed counter system. Because amplitude
variations of the received pulses could lead to errors in the measured flight times, a constant
fraction discriminator is applied, such that it is possible to measure the time between the 50%
levels of the leading edges of the transmitted and received pulse, irrespective of the overall
pulse amplitude. The system at RTP has been used to study a wide range of plasma
phenomena including very violent plasma with pellet injection (Fig. 16), strong MHD activity
and disruptions. Density profiles measured with the pulsed radar system are in very good
agreement with profiles measured by a 180-point Thomson scattering system and a 19-
channel interferometer.

For noise radar reflectometry the technological constraints are not very severe, because
of the high sensitivity noise sources with a relatively low power which can be used. Both
solid state noise oscillators producing continuous chaotic signals with output powers upto 100
mW and a bandwidth from 30 - 300 MHz, as well as vacuum noise oscillators with 15 W of
output power in a 50 - 1000 MHz frequency bandwidth can be applied.

A one-channel noise radar reflectometer has been developed for the Uragan-2M
stellarator [64, 65]. A noise oscillator with a central frequency of 36 GHz and a bandwidth of
± 150 MHz has been applied in a heterodyne set-up. A delay line with a constant time delay is
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Fig. 16 Calculated position of the reflecting layers corresponding to the 4 probing
frequencies for the RTP reflectometer. Large horizontal excursions around
t = 200 ms are due to pellet injection.
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used for time lag compensation in the waveguide between noise oscillator and antenna. The
main frequency of the reflected signal is down-converted to the RF band. A digital-analog
time-integrating correlator was built to process the noise signals with a 200 MHz bandwidth.
The minimum time needed to determine one correlation function can be varied from 64 to
256 JIS. The time lag step of the computer controlled delay line is 0.1 ns, equivalent to an
accuracy of 1.5 cm for reflection from a metal mirror in vacuum, and to a shift of the plasma
cut-off layer of 1 cm (the group velocity in the plasma and near the cutoff layer is smaller
than that in vacuum).

6.3 - Merits and limitations of radar techniques

For pulse radar, plasma fluctuations are effectively "frozen" during the time (typically
few ns) it takes for a single pulse to reflect. But fluctuations and shallow density gradients
give additional pulse broadening which could have an effect on the flight time measurement.
In severe cases the reflected pulse might become too spread out to be detected. For noise
correlation, it takes some time (1 OOjas in the present status) to determine a single correlation
function, and the plasma cannot be regarded as being frozen. All fluctuations with frequencies
above 10 kHz are in principle averaged out. Although it has been stated that the precise shape
of the correlation function contains important information about the plasma fluctuations, this
information may be probably obscured by other effects like dispersion. For a reliable density
profile evaluation, which does not suffer from fluctuations it might be necessary' to reduce the
time needed for calculating a single correlation function by one to two orders of magnitude.

Nevertheless, if fluctuations with short spatial scale lengths are present in the plasma it
is as if the pulse reflects from a mirror with small-scaled structures frozen into it. Therefore,
occasionally destructive interferences may occur and the amplitude of the reflected pulse may
become too small for the pulse to be detected. Since even for a very turbulent plasmas pulses
a certain number of reflected pulses will still have a high enough amplitude to be detected, it
is possible to measure the density profile, albeit at the cost of a decreased temporal resolution.
As long as the repetition rate of the pulses is high enough, many data points can be used to
compute one time delay with sufficient accuracy. Strong signal losses in RTP are mainly
observed if one tries to probe the central flat part of the density profile in low density
discharges. In these cases the noise caused by the large quantity of suprathermal electrons in
the plasma can prohibit any sensible measurements to be done with the pulsed radar system
[66]. When the pulsed radar reflectometer is used to probe the density profile at r/a > 0.25,
which is usually the case, signal losses are small, even for very turbulent plasmas.

Concerning 2D effects, noise correlation does compute the amplitude of the pulse. So if
there are destructive interferences, the amplitude is low and that specific pulse measurement
can be ignored.

Measurements reported from both RTP as well as Tl 1-M show an important increase of
the spread in the time-of-flight measurements from the plasma compared to the backwall. A
likely cause for the increased spread may be the presence of spatial fluctuations. Although,
the plasma is effectively frozen during the reflection of a single pulse, it may certainly vary
between the time it takes to launch successive pulses. Effectively this means that each pulse
reflects from a slightly different mirror, leading to an additional spread in the flight time
measurements. Nevertheless, it should be stated that a recent dimensionality analysis of the
data from the RTP reflectometer has given first indications that the spread in the flight times
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has a white noise character, rather than being a deterministic noise caused by density
fluctuations [67]. In order to obtain sufficient accuracy of the reconstructed density profile, a
smoothing of the data has to be made, which is acceptable if the repetition rate of the pulses is
high enough (500 kHz on RTP).

Pulse radar techniques can cope with complex waveguides and poor transmission lines.
If separate waveguides are used for launching and receiving, parasitic reflections in the
waveguide are no problem at all: the first pulse at the detector is by definition the plasma
reflection. When a single waveguide is used, pulsed radar can still cope with parasitic
reflections. Most of these fall outside the time window of interest, particularly if care is taken
in the election of the length between bends in the waveguides. In fact one can conveniently
use the reflection from the vacuum window (and/or the backwall in absence of plasma) for
calibration of the time axis.

Pulsed radar is not compatible with long lengths of fundamental waveguides. This is
because the dispersion in these waveguides leads to a significant broadening of the pulse. The
dispersion in oversized waveguides is much less and should therefore be prefered. As an
example a pulse at 33 GHz with a width of 700 ps will broaden to 3.12 ns in 30 m length of
single-mode waveguide, while the same pulse in a similar length of oversized (X-band)
waveguide will broaden to only 714 ps. By measuring not only the time of flight to the
leading edge of the pulse, but also that to the falling edge one can tolerate a certain degree of
pulse broadening. For noise correlation radar this should not be a problem, because the pulse
is reconstructed and can be numerically corrected from the waveguide dispersion.

Frequency accuracy and stability of the source are not of critical importance for pulsed
and noise radar as compared to the requirements for phase measurements. Moreover,
simultaneous measurements of O- and X-mode reflection is in principle possible (the two
reflections falling in different time windows) yielding information on the magnetic field
profile.

In addition, noise correlation radar has two specific features to be noted: (i) the
additional advantage of being extremely sensitive and therefore it can work with low power
microwave sources; (ii) the temporal resolution is heavily determined by the time required to
determine the time delay, i.e the correlation function, which is presently in the order of 100

To measure complete density profiles, measurements have to be made for many
frequencies, requiring interpolation for other density values. If the measurements are made
successively, it requires time and all time delay measurements come from different plasmas.
In order to make simultaneous measurements for all frequencies, different configurations are
possible but are necessarily more complex.

6.4 - Technical requirements and further developments

Although the requirements for pulsed radar are quite demanding, many solutions have
been found to obtain accurate measurements. The optimum pulse width is in the range 0.5 -
1.0 ns, which has been achieved already on RTP. High power pulsed sources are nowadays
available (Travelling Wave Tubes or solid state oscillators) such that there is sufficient
intensity in the reflected pulse, even in large-sized plasma devices. The accuracy of the time
measurement should be high, typically 60 ps or better. Since time pick-off elements with
accuracies of 4 ps are already commercially available, this seems to be no serious limitation.
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For highly turbulent plasmas it is necessary to perform the measurement at a high repetition
rate, such that one can average out the effect of plasma fluctuations.

The pulsed radar system at RTP has recently been dismantled. It will be extended to a
10-channel pulsed radar system and it will be implemented onto the TEXTOR tokamak [67].
By reversing the role of the probing oscillators and the local oscillators, the number of
channels is simply increased by a factor of two. Two additional homodyne channels at 18 and
24 GHz will be added to improve resolution of the outermost part of the density profile.
Furthermore, two sources with a frequency variable within a certain range will be added for
the purpose of pulsed radar correlation reflectometry. By changing the frequency difference
between these sources and some of the fixed frequency sources one can study radial scale
lengths of density fluctuations.

Instead of only measuring the time-of-flight from the leading edge of the pulse, one
could also measure the complete shape of the reflected pulse. Another possibility would be to
make effectively use of the dispersion in long waveguides, such that it becomes feasible to
measure the full shape of the broadened pulse. The information contained in the pulse shape
and its amplitude might give important new insight in the mechanism of plasma fluctuations.

As an extension to the pulsed radar as described above, it has been also been proposed
[68] to launch an ultrashort pulse, in order to cover, in one single snapshot, the whole
frequency range necessary for the profile reconstruction. Since this range extends typically to
about 100 GHz, the pulse width has to be of the order of a few ps. The different frequency
components of the echo are spread in time, corresponding to the respective delay of each
frequency. The measurement would consist of recording the time delays of all the frequency
components through a filter bank. As the energy is spread over all frequencies, very powerful
pulses (100 to 1000V) are necessary. Presently available microwave technology does not
comply with such parameters, but progress is being made and it seems technically feasible.
Specific simulations for TPX plasmas [69] reached to the conclusion that the optimal
bandwidth of the detector should be about 2GHz.

Preliminary experiments have been made on the tokamak CCT, using a 3V pulse of
65 ps [70]. After filtering, the echo was recorded with a fast transient digitizer. Therefore,
information on the amplitude and time delay was obtained. Significant variations in amplitude
on a shot-to-shot basis have been found, with signals vanishing during 50% of the shots in
ohmic mode and 10% in H-mode. This variation is in agreement with the fluctuation
reduction from ohmic to H-mode.

The ultra short pulse technique has the same advantages as conventional pulse radar,
regarding the fluctuations as well as the possibility to manage with long and complex
waveguides. It has the additional advantage to launch all the frequencies simultaneously from
one unique source, and to measure a full density profile for each ultra short pulse. If the
launching side may appear simpler, the detection remains complicated in order to provide
enough spatial resolution. Moreover, the dispersion in the waveguides is a major issue for
further investigations: on the one hand it could severely hamper the measurements, but on the
other hand - if the effects are known - one can make use of the dispersion to get a further time
separation of the various frequencies.

This technique is at present at the sharp edge of the technological limits. Developments
are necessary for obtaining powerful and short enough pulses. The acquisition does not need
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new development, as it requires only a batch of filters, followed by the same time delay
detection as used for a conventional short pulse. In conclusion, this technique is an extension
of pulse radar with, at least theoretically, potentially interesting prospects. Further technical
developments are necessary before a proof-of-principle experiment can be done on a fusion
plasma.

For unambiguous measurements by noise radar with high time resolution it will be
necessary to reduce the time needed for a single measurement. However, this implies that the
power of the noise sources need to be increased, which seems to be well feasible. One could
also think of a real-time feedback system on the correlation function, continuously tuning the
delay such that the correlation function is at its maximum. For measuring a full density
profile it is necessary to employ a large range of sources with different central frequencies.

7 - Summary and conclusions

Different reflectometry methods can be used to measure density profiles in plasma
fusion devices. The reflectometers using these methods do not behave identically in respect of
the two major limitations discussed: the sensitivity to fluctuations and the problems created
by long and complex waveguides. Depending on the application (edge or bulk measurement,
averaged profiles or fast transient phenomena), and on the type of access that is available
towards the plasma (simple or complex waveguides, fundamental, oversized or corrugated,
double windows, one or two waveguides configuration), some techniques may prove more
appropriate. The possibility to make measurements under non-optimised conditions is
especially important for ITER where plasmas with rather different shapes are expected. It is
not possible to summarize in a single table the advantages and drawbacks of each method,
because too many parameters would have to be taken into account. They are quite intrinsic to
the method, but also are often correlated to the state of the art of the technique and of the data
analysis: all of these areas are in a very rapid evolution at the present time so any comparison
is likely to become out of date very quickly.

Reflectometers from the first category, launching a single frequency spectrum, are by
principle simple to implement in hardware while the complexity-»-efr the data processing.
The very narrow incident spectrum enables maximum spatial sampling while digital analysis
used in modern diagnostics offers the advantage of flexibility, that is the possibility to adapt
the analysis bandwidth to the plasma density profile, resulting in optimized range resolution
and range accuracy. For reflectometers with slow sweeping rates, difficulties arise when
strong fluctuations, mostly MHD, are present. In JET and Tore Supra, where reflectometers
are used routinely on all plasma discharges, a reliability of 70% of the profiles reconstructed
is reported. With the ultra fast sweepings (in DIII-D and Asdex-U) the problem of
fluctuations is greatly reduced.

For systems in the second category, when the phase difference is measured between two
closely located reflecting layers, within the correlation length of the fluctuations (dual
frequency differential phase and amplitude modulation), the deleterious effect of the temporal
fluctuations is strongly decreased. If a slow sweep is made to cover the density profile, with a
low frequency data filtering, an average profile can be determined if the plasma is stationary.
This prevents the analysis of density transients, but might be the only applicable method for
highly turbulent plasmas, particularly at the extreme edge in X-mode. Nevertheless, a faster
sweep may sound better because an average profile can be computed by averaging the
individual measurements.
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Pulsed radar technique is completely insensitive to temporal fluctuations because it is a
real snapshot measurement (though several pulses per point might be needed for a complete
measurement because of signal-to-noise requirements). By applying a Constant Fraction
Discriminator, the detector becomes insensitive to any amplitude modulations. If pulse
broadening occurs due to the fluctuations it is possible to measure not only the times between
the leading edges of the received and transmitted pulse, but also that between the leading and
falling edge of the received pulse. But if pulse distortion occurs a measurement of the pulse
shape becomes necessary. For a noise correlation system, as some time is required to
reconstruct the pulse, it is not a real snapshot measurement, and the fluctuations, as well as
the phase drift phenomena may be a problem. More experience is needed for this technique.

Spatial turbulence can lead to strong amplitude and phase fluctuations. In most cases
the goal of the system is to overcome the spatial fluctuations to give a meaningful average
density profile. In order to achieve this, vector averaging (cf Section 3.4) is performed
directly by the pulse radar systems (along the frequency bandwidth of the pulse) or by
AM/dual frequency systems (by means of a band pass filter around the modulation
frequency). It can also be performed in the case of swept heterodyne reflectometers which
discriminate between amplitude and phase, and becomes more difficult for swept homodyne
systems since phase and amplitude of the beam are mixed together.

In order to limit the effect of parasitic reflections created in the waveguides, it is better
to use a two waveguide configuration whenever possible and whatever the reflectometry
technique applied. If the time delay (i.e. d(p/df) is determined from two discrete frequencies,
there is not enough information to resolve parasitic reflections and separated waveguides and
antennas have to be used for launching and receiving the wave. If they are properly
optimised, this is not too big a problem. For some regions of the plasma (divertor, high field
side), this may not be possible. If a single complicated waveguide has to be used, only the
methods which can discriminate the plasma reflection from any other parasitic reflection can
be applied. These are the methods with a good resolution, using many frequencies to compute
one time delay, i.e. pulsed radar, pulse compression, noise correlation or fast linear frequency
sweep combined with FFT analysis or other data processing. By using the pulse compression
technique with a very stable and reproducible source (frequency synthesizer or ultrafast solid-
state sources), there is the possibility to correct for a high level of parasitic reflections, even
when they fall within the range of measurement.

For next step machines high requirements are put on reflectometry. The systems should
be robust in order to face hostile environments (radiation and electromagnetic), they should
be compatible with long waveguide runs and they should be able to detect a very low level
reflected signals (due to strong turbulence and severe refractive effects). The reflectometer
systems to be used on next step devices could make use of a combination of advantages of the
different, at the expense of a more technical complexity, to create a highly performing
reflectometer. For example, the ultra fast linear sweep could be applied to amplitude
modulation or differential phase to allow transient measurements. If these sources have also a
reproducible enough frequency, a correction technique, as used with pulse compression radar,
could be applied to suppress the effects of parasitic reflections. Alternatively, or even
combined with it, short pulses could be emitted, combined with a time window detection,
instead of having a continuous wave launched toward the plasma. Some of these
combinations have been developed for civil or military radar applications and could be
applied to plasma measurements in a near future when the technology develops.
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In the recent years, many developments have been made and there are still good
prospects for new improvements. From one frequency at a time, swept slowly in the first
applications, we have arrived now at systems launching many frequencies, either
simultaneously or within a short duration. This is due to new ideas but also to the evolution of
the components, with extended characteristics as well as a good reliability and
reproducibility. These developments allow reliable measurements of the density profile with
strong fluctuations and/or using complicated waveguides.
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