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This paper is about microwave reflectometry — a radar technique for plasma density measure-
ments using the reflection of electromagnetic waves by a plasma cutoff. Both the theoretical
foundations of reflectometry and its practical application to the study of magnetically con-
fined plasmas are reviewed in this paper. In particular, the role of short-scale density fluctua-
tions is discussed at length, both as a unique diagnostic tool for turbulence studies in thermo-
nuclear plasmas, and for the deleterious effects that fluctuations may have on the measurement
of the average plasma density with microwave reflectometry.

[. INTRODUCTION

Density measurements play an essential role in the study and operation of magnetically confined plas-
mas. In existing large devices, such as tokamals canonical tools for the measurement of the electron
density are laser multichannel interferometry and Thomson sca#emmmof the most reliable methods
in thermonuclear fusion research. Unfortunately, these are also two of the most demanding techniques for
plasma accessibility, which ironically is a problem that seems to escalate with the plasma size. Indeed,
plasma accessibility will become extremely difficult in a fusion reactor, since it will require penetration not
only through the magnetic field coils and the vacuum vessel, as in present experiments, but also through &
tritium breeding blanket and a radiation shield. Inevitably, only the simplest diagnostics will survive in
such a hostile environment.

Microwave reflectometry, an offspring of radar techniques used in ionospheric Sifidiess method
where the plasma density is inferred from the group delay of electromagnetic waves that are reflected by a
plasma cutoff. Since the first application of this method to laboratory pla$raas the proposal of em-
ploying FM-CW radar techniques in combination with swept millimeter-wave oscillafonsicrowave

reflectometry has matured very quickly, and nowadays finds extensive use in tokamak f&%éHsch.



modest requirement for plasma accessibility and the possibility of conveying microwaves to a remote
location make this an ideal method for a fusion re&&dE

Another area where microwave reflectometry can play a crucial role is in the detection of short-scale
turbulence, which appears to be the cause of anomalous transport in high temperature plasmas. As a matte
of fact, the first use of reflectometry in tokamé&kaas not for the measurement of density profiles, but for
the detection of density fluctuations. It provided the first evidence for the existence of a small-scale and
broad-band turbulence in tokamak plasniReflectometry was then replaced by microwave and laser
scattering techniqué® ’9that were capable of providing a more direct measure of wave number spectrum
of turbulence. Unfortunately, subsequent measure§fePdshowed that the scale length of turbulence in
tokamaks increases with the plasma size, to the point that scattering methods, with their poor spatial reso-
lution when the turbulence scale length is larger than the wavelength of the probing wave, were no longer
capable of separating core from edge phenomena. This led to the reemergence of microwave reflectometry
as a diagnostic with good resolution for long wavelength fluctua$&#fs.

In this paper, we review the application of microwave reflectometry to the measurement of density
profiles and to the detection of density fluctuations in magnetically confined plasmas. The paper is orga-
nized as follows: Section Il is a brief review of the theory of plasma waves that are of interest for reflecto-
metry in magnetized plasmas, i.e., those in the electron cyclotron range of frequencies. Section Il is a
description of numerical methods for the reconstruction of the electron density distribution from reflecto-
metry measurements. The use of reflectometry for the detection of plasma fluctuations is discussed in Sec.
IV. Finally, the reflectometry instrumentation and techniques commonly used in fusion research is re-
viewed in Sec. V, and future developments are discussed in Sec. VI.

Even though most of the content of this paper is applicable to many types of magnetic configurations,
we will often refer to examples taken from tokamak experiments, where reflectometry has found its most

extensive use.

Il. WAVE THEORY
In a uniform magnetized plasma, a solution of the Maxwell equations in the form of a plane wave
aexp(ik [d —iwt) is possible only if the wave vectérand the frequencw satisfy a dispersion relation,

which in the cold plasma approximation is gived-By
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D(N, @) = N4 - N2[€Z, + (£ N) (€ + E)] + £l (8~ NP + €3] = 1)
in the system of orthogonal coordinates with bdsis &, e,), where B =Be, is the magnetic field,

N=kc/w=N-g, +Ne, is the wave index of refraction, and the only non-zero components of the Hermi-

tian dielectric tensote are

=— =j—°<P (2

where Wy = (4nnee2/ ”b)ﬂz is the plasma frequency, angl = eB/ myc is the electron cyclotron frequency.

The solution of Eq. (1) gives two characteristic modes of propagation, the O and the X-mode, with refrac-

tive indexes

XY A-Y(1-Np)
2 1-X-Y2 )
XY A+Y(1-Nf)

2 1-X-Y2

NZo=1-Nf - X+

Ny =1-Nf - X -
where X = w%/ «?, Y=w./w,andA =[(1- NF)2Y2+4N|F(1— X)IY2. From Eq. (3), we get that one (and
only one) value ofN? = N% + N”2 is zero whenX =1, X=1-Y, or X=1+Y. These conditions are

referred to in the literature as the O, R, and L cutoff conditions, respectively, and the frequencies where

they are satisfied

W=y, W= (Rl 4+ i+, 12, wy =(afl4+wd2-a. /2, (4)
are called the cutoff frequencies. From Eq. (4), we getdhatw, < w, and wi;> w.. The values of the
cutoff frequencies on the equatorial plane of a tokamak plasma are shown in Fig. 1 as a function of the
major radiusk for a plasma with the electron density and temperature profiles of Fig. 2, and a toroidal
magnetic field of 5.7 T. These plasma parameters are those envisioned for the International Thermonuclear
Experimental Reactor (ITERS. Since at the edge of the plasma cqume: 0, and w,=w, =0, both

W, andw, reach a maximum value inside the plasma region, and thus neither of these cutoffs can be used
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for probing the full density profile by launching waves from only one side of the torus. On the cangrary,
is a decreasing function of the radius whenei(ev% +ww,)/ dR<0, so that the full plasma can be probed
by launching waves from the low field side of the torus. By using=tRel dependence of the magnetic
field in tokamaks, this condition can be writtenys (L,/ R)(w/ w,)(T / mc?), whereL,,=n./ (dn./ IR)

is the electron density scale lengih,s the plasma temperature, afids the ratio of the plasma to the
magnetic pressure.

In a non uniform plasma, where the relative change of plasma parameters is small over an electromag-
netic scale length (i.e., the local wavelength and wave period), we may seek solutions of the Maxwell
equations in the form

a(r,t)exp[i®(r,t)] (5)
where is a slowly varying function ard(r,t) is the phase of the electromagnetic field. This is cast in the
same form as in the case of a uniform plasma by defining

k(r,t) =00,

w(r,t)=-0®/ ot ©)

as the local wave vector and the local frequency, respectively. Then by expafdingn ascending
powers of a small dimensionless parametemwhich is a measure of the fractional change of the back-
ground plasma over a wavelength, and assundngf order 571, we find.4 that the existence of non-
trivial solutions to the lowest order equations requires that Eq. (1) be satisfiekl atthco given by Eq.

(6). This equation can be interpreted as providimgn terms ofk, r, andt, i.e., w = Q(k,r,t). Then

using the chain rule on the cross differentiation of Eqgs. (6) we obtain

d_‘Q-{-ﬁ_'Qﬂ-*-%:O_ (7)
or dk oJr ot

Finally, by introducing the group velocity=0Q/ dk, we obtain the ray equations of geometrical optics

in Hamiltonian forn$:4.97,98

dr_, =99

dt ok’

%:%-}-ulﬁ:—d_g (8)
dt ot or or

dw_ 09Q

dt  Jt



The phase difference between two poiptgndr, on the same ray is

’k [ds, 9

gl
where ds is the ray path element. In the following, this quantity will be referred to as the phase of geo-
metrical optics. Even though the approximation of geometrical optics is not valid near a wave cutoff, the
phase of the reflected wave can be obtained from Eq. (9) together with the condition of reflection at the
cutoff point. This can be easily seen by considering the case of a plane stratified plasmxadinehgon,
with propagation perpendicular to the magnetic field. Under these conditions, the electromagnetic field is

described by a single scalar differential equation

2
£+%N2(x)E =0 (10)

with E=E, for the O-mode, and = Ey for the X-mode. We consider first the case of a linear wave

permittivity € = N2(x) =1-x/ x,, where the solution of Eq. (10) is given in terms of an Airy int8gr&?

EQ)0s I°?:os(x3/ 3-x)dx
(11)

=7 1,4cos(2/353/2 1/4m, {>>1

with ¢ = (w?/ 2 )M3(x.— x) =[(w/ c) N2/ 2|dN/ dx|]?/3. This proves that the solution of geometric op-
tics coincides with the asymptotic approximation of Eq. (11), and thus the phase shift of the reflected wave

is

w T
(pzzzﬁNdx—E (12)

which, apart from an additive constant, is the same as in Eqg. (9). For an arbitrary permittivity, we can still
use Eq. (11) inside a narrow layer around the cutoff with a thickhesgisfying the condition

|dN2/ dx?| A << |dN / dX| , (13)
where the subscript indicates the value at . If the valug which corresponds té is much larger than
one, we can join the solution of Eq. (11) with that of geometric optics, and thus recover the phase shift of
Eqg. (12). Since fol =5 the accuracy of the asymptotic approximation in Eq. (11) is better than 1%, a

condition for the validity of Eq. (12) is



N2/ @) <<|dN / ax[¥3k2/3/5 (14)
wherek, = w/c. When N2(x) has a parabolic profile, for which an exact solution of the wave equation is
known, one finds that the inequality (14) can be relaxed and it can be rewrtten as

|dN2/ dx2)<|dN / dxF3r;23 | (15)

where AO: 2/ I% This condition is well satisfied in tokamak plasmas, with the exception of a narrow
region near a maximum of the electron density for the O and L-cutoffs, and near the center of plasmas with
very high densities for the R-cutoff. At thermonuclear temperatures, the latter densities are not accessible
to stable tokamak discharges.

So far, we have neglected the curvature of the magnetic surfaces and considered only the case of ¢
plane stratified plasma. Indeed, this is a good approximation for reflectometry in tokamaks where the
probing wave is launched from the low magnetic field side of the equatorial plane perpendicularly to the
magnetic surfaces, and with a beam width which is much smaller than the plasma scale.

In the case of the X-mode, we have also neglected the presence of the upper-hybrid resonance laye

(X =1-Y2) behind the R-cutoff (Fig. 1). The case of wave propagation with back-to-back linear and
singular turning points is described in Ref. 4 where it is shown that the wave can tunnel through the
evanescent layer with a power transmission exp(—71k,d/2), where ¢ is the thickness of the layer.
Since in tokamak,d >>1, with the exception in a small region near the plasma edge, the upper-hybrid
resonance is practically inaccessible to the probing wave.

By assuming a magnetic field with a constant direction we have also neglected the shear of the mag-
netic field lines, that is not necessarily justified for a tokamak plasma. Indeed, for wave propagation per-
pendicular to the magnetic fiell= By(x)ey+ B,(x)e,, the electromagnetic field is described by two coupled

differential equatiorfs100,101

T8 008~ g =200+ W,

d 16)
P8+ (92 e =29 - W

|
where g and E- are the electric field components that are respectively parallel and perpendi@&ylar to
|

@=d6f/dx, and @ is the angle betwedd and e,. In a typical tokamak dischargé, is zero on the mag-
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netic axis and reaches a maximum value of 0.1-0.3 rad near the plasma boundary}gﬁ'@km’g From

the structure of these equations, it is clear that a substantial coupling between the two modes of propaga:
tion is possible only iNO:: N, . Thus, deep inside the plasma column, wh¥se N, , the coupling is very

weak and the wave polarization rotates with the magnetic field. On the contrary, near the plasma edge
where the electron density is low ahg = N, , mode coupling is possible and the wave polarization does

not follow the magnetic field since it propagates as in vacuum. Since at the edge of a tokamak discharge
@ =0, we conclude that mode coupling is not important for reflectometry in tokamaks.

Finally, to avoid total absorption, the probing wave must not cross regions of plasma where its fre-
guency is equal to one of the first harmonics of the electron cyclotron frequency. However, this is not
always sufficient because of kinetic effects on the cyclotron resonance cotitl8h

y—na)clw—l\l"w":O , a7)
wherep is the electron momentump,= [p|, p;=pB/B, w=p/mc, w,=p/mc, y=@1+wV2 andn
is the harmonic number. Indeed, in high temperature plasmas the cyclotron resonance is broadened an
down-shifted by the relativistic change of the electron mass even for quasi-perpendicular propagation
(N" = 0). For a description of the kinetic theory of linear wave absorption we refer to Refs. 102-106. Here
it is sufficient to mention that the introduction of kinetic effects produces an anti-Hermitian component of
the dielectric tensor, with the result that the solution of the dispersion relation becomes a complex wave
vectork =k, +ik; . For the case of interest in reflectometry whiggé>>lk; |, it is possible to reformulate
the theory of geometric optics with new ray equations that are expressed in terms of the real part of the
dispersion relation andt,,98.102and with a wave damping that is given by the integral along the ray

trajectoryIki [ds . Of the three types of waves used in reflectometry, R-waves are the most sensitive to

relativistic effectslO7 This is illustrated in Figs. 3 and 4 for the plasma conditions of Fig. 2, where use is
made of a relativistic dielectric tensor that includes the contribution of the first three cyclotron harmon-
ics108 Figure 3 shows the ray trajectory of a wave with a frequency of 185 GHz, launched with the X-
mode perpendicularly to the magnetic field. Also shown in Fig. 3 is the cutoff sunfaas; of the cold

plasma approximation, and that given by the relativistic theory. For the same plasma conditions of Fig. 2
and the launching geometry of Fig. 3, Fig. 4 shows the fraction of power that is absorbed in the round-trip

of an R-wave as a function of its frequency. These results illustrate the importance of the relativistic correc-



tion to the absorption of R-waves in reflectometry of hot plasmas, as in the case of Fig. 4 where the high
field side of the density profile becomes inaccessible to the probing wave. On the contrary, the other two
types of waves (L and O) used in reflectometry are less sensitive to relativistic effects. For the same plasma
conditions of Fig. 2, we find that wave absorption is negligible for both O and L waves, even though there
is still a substantial relativistic correction to the position of the O-cutoff near the plasma center. Finally, in
the range of electron temperatures of existing tokamak8 keV), the wave absorption is negligible for
reflectometry, but the propagation of R-waves may still be affected by relativistic effects. Fortunately, this
phenomenon can be reproduced using the cold dielectric tensor (Eq. (2)) together with a simple change of

the electron mask¥9

m=my(1+5/ u2 (18)
where u = meclee. For the X-mode, which is the only case of interest, the validity of this equation

requiresp(1- w./ w) >>1, a condition that is well satisfied in plasmas of existing large tokamaks.

[ll. DENSITY MEASUREMENTS

In microwave reflectometry, the basic information for inferring the plasma density is the phase delay of
the reflected wave. In general, the launching direction is such that the wave trajectory remains quasi-
parallel to the plasma density gradient, and thus quasi-perpendicular to the magnetic field (Fig. 3). These
conditions are not strictly necessary, but they greatly simplify the collection and the analysis of data. From

Eq. (9), the phase delay is given by

o(w) = 2% J.):;(w) N(w,%) dx+ @ (@) | (19)

where x, and x.(>X,) are respectively the coordinates of the plasma boundary and the cutoff layer, and
@(w) is the phase delay that the wave suffers outside of the plasma. The latter can be either calculated o
measured independently. To simplify the notations, in the following we will assume,(hgthas been
subtracted from the measured phase, and we will denotepdith the first term on the right hand side of
Eq. (19).

The electron density profile can be inferred from the frequency dependengeopfthat can be

measured by sweeping the frequency of the probing wave. On the other hand, since the phase of a wave ca
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be measured only relative to the unknown phase of a reference signal, the direct output of a reflectometer
system isdg(w) / dw, rather thanp(w) . Indeed, this is a quantity with a clear physical meaning since, by

recalling the first of Egs. (8) and using the identitfw,x.) =0, we get

000) _y ()b 20

dw u
which is the round-trip group delay of the probing wave. For propagation perpendicular to the magnetic

field, the cold plasma approximation gives

1-X- Y2)2 (21)

=cN
TN X = Y2+ XV2

for the group velocity of the O and the X-mode, respectively. In ionospheric studies, because of the large
distance between the launcher and the reflecting layer, the group delay is obtained directly from the time of
flight of short pulseS:4 In laboratory plasmas, the group delay is instead obtained from phase measure-
ments. Nevertheless, recent technological advances are beginning to make the ionospheric approach fee
sible in laboratory plasmas as w&}34,36,46,49,62,69,74,

When x.(w) is a monotonic function of frequency, the electron density profile can be obtained by
inverting Eq. (20). For the O-mode in the cold plasma approximation, this can be done analytically since
\, is only a function ofw and of the local cutoff frequenay, = Wy - By using the latter as the indepen-
dent variable, it is easy to show that Eq. (20) can be converted into an Abel integral éouatise

solution is

X(@p) =%, +731 Ig’p—(i?%)(f’i;‘;]]“’z dw . (22)

In practice, since it is not possible to measure the group delaydre, the value ofdg(w) / dw up to

the lowest employed frequeney, must be obtained from other density measurements, or, in the absence
of data, by assuming a shape for the density edge profile. For the X-mode, and in those cases where
relativistic corrections must be taken into account, the inversion of Eq. (20) cannot be performed analyti-

cally since the group velocity is an explicit function of position. In these cases, the inversion of Eq. (20)



can be calculated numerically with the following procedure X,et0 be the known cutoff position corre-
sponding to the lowest frequenay, w,, w,....cy,, be the frequencies where the group delay is measured,

and define

T, = (dQ(®) [ d0)ymgy

| 23)
¢i = ;T](wj _wj _1) .

Again, to simplify the notations, we assume that the contribution of the edge regignto the wave
group delay has been subtracted from the measured vatigg @)/ dw. Let x be the cutoff position of

the frequencyy , and defineA ; =« (N j+N j_)/2c, wherels< j<i, N ; is the refractive index for

w=q andx =X;, and N ; = 0.by definition. Then Eq. (19) becomes for all values of
i
¢ = ZA,J‘(X] = Xj-1) (24)
which in matrix notation can be written as

0 Oy, 0 0 g, O
égz% %“2,1”“2,2 ) 0 %%D

U]

OO _ il (25)
%S %&1 Ao és,z A3 és,?, %%B
EnH Bha-A2 Az As Az Aa BEH

or more concisely
Oo=MX . (26)
For the O-mode in the cold plasma approximation, the mitriz not an explicit function ok , and thus

the vectorx can be easily obtained by invertifg. (26)

x=M-1[p . (27)

In general, from Eqg. (25) we get
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X=@lA1,
=4 (A=A ) ol A,

X3 =[x (A=A +X(As3= A )+ sl A3, . (28)
Jodogdonoooooogonooooogd

X =D(A 2= A %Az M) U Bqa(An=Aun-0+ @/ An

that, sincex is giveninterms okj with j <i, represents the solution of our problem for any type of wave
polarization. Once the values gf have been determined, the electron density is easily obtained from the
known dependence of the cutoff frequencies on plasma parameters. The precision then depends on thi
accuracy with which the group delays are measured. As it will be described in Section V, in most
reflectometer schemes the received signal is downshifted at a lower frequgrasyd the group delay is
obtained from phase measurements. These may be considered equivalent to the measurementtof the time
at which the waveform crosses the zero axis. In the presence of noise with a large signal-to-noise power
ratio (S/ N), the rms error is then given B ot =1/ w,(2S/ NY/2, so that the uncertainty in the position

of the cutoff is

6)(~;
20(2S/ N2

This equation shows the importance of operating at large frequéheidsch allows a better statistical

(29)

averaging of the results as well.
As we shall see in the next Section, a much more serious deterioration in the accuracy of density
measurements is caused by the large amplitude and phase modulations which are induced on the measure

signals by 2D density fluctuations.

IV. FLUCTUATION MEASUREMENTS

As mentioned in the Introduction, microwave reflectometry is also a tool for the detection of plasma
fluctuations, even though the extraction of quantitative information from the measured signals is often
very difficult. This Section is a review of this subject.

In the presence of density fluctuations, the interpretation of reflectometry data is relatively simple

when the plasma permittivity varies only along the direction of propagation of the probing wave. In the
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plane stratified geometry of Sec. Il, this can be easily seen by taking a wave permittivity in the form
€ = &,(x) + £(x), and by assuming that the probing wave is launched alomggtkie. Then by solving the
wave equation with the method of successive approximations, the first order term (Born approximation)

outside of the plasma regiom € 0) is, apart from a constant phadé;115

E, = 2k exp(ik X) J';oé(r)Az(r)dr , (30)

where A(X) is a zero order solution of the wave equation wifx) - 0 for x - o, and
A(X) — cos(kx+ @) for x - 0. As discussed in Sec. Il, bo#(x) and the zero order fiell, are given
by the Airy functionAi when £,(x) is a linear function. If |<<|E,|, Eq. (30) is a good approximation of
the total scattered field, and by casting the backward wave in theskqm(ik x) +i¢), it gives the contri-

bution of fluctuations to the phase of the reflected wave

o=2k, I;oé(x)Az(x)dx . (31)

On the other hand, by expandin@ to the first order irg, from Eq. (12), we obtain

~ £
Q= kOI())%\_;?O dx . (32)

Away from the cutoff point, wheré\(x) = &; v 4cos(k0J':J &,(r)dr — i1/ 4) (WKBJ approximatio4), the

coefficient of £ in the integrand of Eq. (32) is the average over a distAncerr/ kosg,J2 of a similar
coefficient in Eq. (31). This is not true near the cutoff wheg&? - o and A2 Ai(Z), with

{=(a?1 PLY3(x,—x) and Lgt=(dg,/ dx),-, . Since the WKBJ approximation is valid up to the last

lobe of AZ(Z), which near{ =0 has a widthA{ =3 (i.e., Ax= 3(k0L5)U3/ k,), we conclude that Eq. (32)
represents a good approximation of the wave phase when fluctuations are in the range of wave numbers
|k < ks =/ Ax= k0/(k0L5)313, and thus the scattered field is strongly weighted by the region near the
cutoff. On the contrary, whejk,|>> k., the scattered field originates from fluctuations located away from

the cutoff where the spatial variation 8%(x) matches that of the density perturbation (Bragg resonance
condition)112-116Clearly, only the case witlk,|<k; is of interest for the localized detection of fluctua-

tions. In this case, by using the approximat&g(x) = (x.— X)/ L., that is valid near the cutoff, from Eq.

(32) we obtain the relationsi$ip
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rq,(kA):2n%[02(w)+82(w)1rg<kx) (33)

between the power spectra of the permittivity(k,) ) and that of the phasé’ &,(kx)), which are defined as
the Fourier transforms of the autocorrelatiorz afnd (,No (considered as a function gf), respectively. The
functions C(w) and S(w) in Eq. (33) are the Fresnel integPalaiith w=(2|k L,/ mY2. For the case of
interest in tokamaks where>>1, C(w)=8w)=1/2, while for w<<1, C(w)=w and Sw)=0. By
using the known dependence ©bn the density fluctuatiofi,/ ., from Eq. (33) we obtafi?

k2L,

(k) =21M |O_kX|[C2(W) +FW)IM(ky) (34)

where is the power spectrum ff/n,, and M is the value of(nde/ dn)? near the cutoff. For wave
propagation perpendicular to the magnetic fidWi=1 for the O-mode, and=4 for the X-mode. In
conclusion, one dimensional (1D) fluctuations with produce a phase modulation of the probing wave, with
a magnitude which is given by geometric optics. Equation (34) can then be used for inferring the spectrum
of density fluctuations from the spectrum of the measured phase.

The interpretation of reflectometry becomes considerably more complicated in the case of multidimen-
sional fluctuations, where the plasma permittivity varies perpendicular to the direction of propagation of
the probing wave. In this case, even for fluctuations with a wavelength sufficiently long to make geometric
optics applicable, the measured backward field cannot be described as a specular reflection of the probing
wave, as in the case of 1D fluctuations, and more important, its properties can differ drastically from those
of plasma fluctuations. This can be easily seen by taking the wave permittivity(x) + £(x,y) in the
same system of coordinates of the previous paragraph, and assuming that near the cutoff the reflected wav
can be cast in the formxp(i@(y)), with ¢(y) given by Eq. (12). In a random medium, as in the case of a
tokamak where the plasma density is perturbed by a short-scale turbulence, the phase of the probing wave
is the cumulative result of many random contributions, so that it is reasonable to ass@n’e thadrmal
random variable with mear q~o>:0, variance aé5< §~02> and normalized autocorrelation
y(p(c?) =< c;)l(y)&)z(y+ é)> /a(%. From this, we get that the first moment of the wave electric field, which
can be interpreted as the amplitude of a coherent specular reflecida >s exp(—aé/ 2),and thusitis

a decreasing function af,. For the second moment we geE B, >= exp[—a(%(l— y¢)], which proves
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that the signal correlation length is also a decreasing functioog.oin particular, fora(p>> 1, taking

y(p(f) = exp[-(£ / A)?] and expanding to the second ordeg€inwe obtain< ElE’; >= exp[—(a(pE/A)Z].
Thus in the presence of 2D density fluctuations, the spectrum of reflected waves can become broader thar
the spectrum of~p, and consequently broader than the spectrum of plasma fluctuations. Under these condi-
tions, it becomes very difficult to infer the properties of the latter from reflectometry measurements. The
problem becomes even more complicated when the approximation of geometric optics is no longer valid,
making microwave reflectometry a useless technique for fluctuations studies.

Based in part on these arguments, a model of reflectometry has been ptbfésdere the field of
scattered waves arises from a phase modulation of the incoming wave, with a magnitude that can be

obtained from 1D geometric optics neglecting the effects of fluctuations on ray trajectories. To an observer,

the reflected field appears to originate at a virtual locatierx, :J'x‘dx/ u, corresponding to the average
0

round-trip delay. After reflection, the electromagnetic field separates into a wave propagating along the
direction of specular reflection, and into a group of scattered waves propagating in different directions. The
amplitude of the former decreases quickly to an insignificant Ievetpj(—a%/ 2)) as the variance% of

the phase modulation becomes larger than one. The spectral width of scattered waves also increases wit
the amplitude of fluctuation and becomes a factozrf(piarger than the spectral width (}f Thus, ifAlg/

is the width of fluctuations in the-direction ando Ak, <<k, the scattered waves are spread over the
range of wave numbeidk, = gzAk? / 2k, , so that an observer at a distance from the plang, which is

larger than thaliffraction distanceD = 6k;1 will sample a complicated interference pattern, with large
amplitude variations and random phases. This sud§eistt the amplitude =|g| of the received signa

should follow the distribution derived by Riéé:118for a signal containing a sinusoidal component, and a
Gaussian noise having independent normal random variables for its real and imaginary parts. For such &

signal, the amplitud@ has the distribution

—(p2 1202 O
P(p)=%e (p%+3)/20 IOE%E, (35)

where |, is the modified Bessel function of order z8fog? is the variance of both the real and the

imaginary parts of the Gaussian noise, ands the amplitude of the sinusoidal component. In our case,
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assuming that the launched wave has a unit amplitude, we get . Figure 5 illustrates two examples taken
from a TFTR experimeril®where the amplitude distribution of the measured signal in the far field region

() is compared with the Rice distribution that best fits the experimental data. From this we get a value for
Sy, that together with the equatima:exp(—a(%IZ), gives =0.4 anda(p:0.75 rad, respectively. Even
though these values fm(p depend on the assumed distributiorﬁnﬁear the cutoff, the excellent agree-

ment of the experimental signal distribution with Eg. (35) is a strong indication that the measured scattered
waves resemble a Gaussian noise. Hence the conclusion that the spectrum of plasma fluctuations cannot b
inferred from phase measurements, if these are made yhexg>D.

A crucial assumption in the proposed model of reflectometry is that the measured reflected wave ap-
pears to originate from a virtual location behind the reflecting layer, and to arise from a phase modulation
of the probing wave, with an amplitude given by 1D geometric optics. Numerical solutions of the wave
equation in the presence of 2D fluctuations indicate that this is indeed a valid approximation when the
amplitude of fluctuations is not too largé? An example is given in Fig. 6, which shows the amplitude
(|E]) of the backward field, and the fluctuating componeht(ﬁf its phase at the cutoff virtual location.

These results refer to the case of a probing wave with a frequency of 75 GHz and the O-mode, in a TFTR-
like plasma with density fluctuations having the power spectrum , with =1 (Mq/:o.s cml, and the

volume averageg, =< r”@/ r@ >l/2=5x10-3. The results in Fig. 6 were obtained by propagating backwards

in vacuum the calculated spectrum of reflected waves. They show clearly that, as assumed in the model,
the backward field is well approximated by at the cutoff virtual location, ﬁvigiven by 1D geometric

optics. On the contrary, at locations where x.|= D, as near the plasma boundary (Fig. 7), the calculated
backward field is dominated by large amplitude variations and random phases.

This model of reflectometry must fail for large fluctuations. Indeed, since each spectral component of
the backward field carries information from a region near its reflecting point, the breakdown of the model
must occur when the reflecting points are distributed over a distagcevhich is comparable to the
wavelength of fluctuations, i.e., wheix Ak, >1. SinceAx,/ L, = 03Ak?/kZ, we conclude that this con-

dition requires
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k2
2 0
O5<—— . (36)
Y LAk AK?
For fluctuations with a Gaussian spectrum, as those used in the numerical simulation, Eqg. (34) gives

05 = 8/2M(k2L, / Ak.) g2, which allows Eq. (36) to be cast in the form

o2 (37)

<713/TL§AIS,2 .
For the case of Fig. 6, whelg.=50 cm, this givesg,,=0.02, in good agreement with the numerical

results120 Finally, another condition for the use of geometric optics, that also applies to the case of 1D
fluctuations, is the absence of local inversions in the plasma permittivity along the initial direction of the

probing wave, which for the geometry considered so far requires
1
Dkl

A crucial parameter in tokamak research is the radial scale length of plasma turbulence, since it is

0, < (38)

directly related to the problem of anomalous transport. In Refs. 25 and 88, it was observed that this param-
eter could be inferred from the characteristics of waves reflected from closely spaced cutoff layers (Corre-
lation Reflectometry). Based on the above model of reflectometry and on the assumptibristhaat
normal random variable with normalized correlatigg~ exp(—x2/252-y2/ 25§—t2/ 252), the spectral

coherence for waves reflected from two closely spaced cutoff layérs is

< ﬁl(l&,w)ﬁg(lg,,w) >
<|g (k, w)|>>

Ve(Bx) =

) i(agp/nn!)exp(—an/25)(2)exp(—1§5y2/2n)exp(—w2q2/2n) . (39)

2(0(%”/ nn!)exp(—lg%dyzl 2n)exp(—w?d2/ 2n)

where Ax. is the separation of the cutoff layers, dBe E- < E > is the random component of the scat-

tered field. Foﬂg,zo and w =0, we obtain

_ Ei(ggy,) — € ~In(agy,)

Yo" TEi(02) - & -In(0?) (40)
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where Ei is the exponential integr@®, & =0.577 is the Euler number, arszexp(—x2/26)2() IS thex-
component ofy(p. In the limit of a(%<<1, we arrive back at the linear or Born approximation where

Ve = Yy, While for a%yx >2.5, from the asymptotic form d&i we obtain

yE=yiexp[—a<%(1— vl . (41)

X

Thus for sufficiently Iargev(p the value of the signal correlation may be much smaller than the correspond-
ing value ofy,. By expandingy, to the second order ix it is readily shown thay, = exp(—xza(%/ 252),

so that the correlation length of the measured signal is a faca&; giihaller than the correlation length of

the phase. It may also be shown numerically from Eq. (39) that the same is trug-corttedation length,

as discussed earlier in this Section, and for the correlation time.

Recently, a direct comparison between the radial correlation length of turbulent fluctuations as mea-
sured by Langmuir probes and correlation reflectometry was performed on the CCT tokamak @2UCLA.
The published results show good agreement between the two diagnostics, with radial correlation lengths in
the range 1-3 cm. According to the above model of reflectometry, such an agreement requires a value of
a(%<<1 (not given in Ref. 92), so that. = y,. Moreover, because of the small probing wavenumbers
(k,=2 cm-1) used in the experiment, the reflectometer could sample only fluctuationékyﬁh 1, so
that the close proximity of the receiving antenna to the reflecting la§@rdm) made the phase of the
measured signal a good representation of density fluctuations (Fig. 6). Nevertheless, the main conclusion
that one could draw from these results, i.e., that correlation reflectometry can provide a direct measure of
the scale of turbulent fluctuations even when it is smaller than the wavelength of the probing wave, cannot
be supported by the model of reflectometry described in this Section, nor by a variety of numerical simu-
lations91,112-116,120

Figure 8 shows two examples of the measured spectral coherence ag,@:ara:ls a function of the
cutoff separation of two closely spaced reflectometer sigaalBhese results were obtained in the main
core of TFTR discharges, where it was found that the ion mass modifies the transport of plasma, making
discharges in Tritium better confined than those in Deuterium. The similantyiafthe two cases of Fig.

8 strongly suggests that this phenomenon might not be caused by changes in the radial scale length o

plasma turbulence. Nevertheless, one must stress that the spectral coherence in Fig. 8 is that of the mes
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sured signals - not the coherence of density fluctuations. In principle, using the model of reflectometry
discussed in this Section, it is possible to obtain the latter from the meagufebe properties ofp are

known. For instance, the radial coherence of density fluctuations can be obtained from the data of Fig. 8
using Egs. (34) and (39) and the valueog,f Unfortunately, as explained above, the characteristids of
cannot be inferred from the phase of the measured signal if the latter is detected in the far field region, as in
most cases including that of Fig. 8. It is only by sampling the backward field at the virtual cutoff location
that it is possible to reconstruct the field of turbulent fluctuations. Experimentally, this could be achieved
by collecting the reflected waves with a wide aperture antenna, and by imaging the virtual cutoff onto an
array of phase sensitive detectors. Such a reflectometry scheme, that is reminiscent of that described in Re
(73), is very demanding in terms of plasma accessibility. Nevertheless, it has the potential for providing
additional information on the nature of the short-scale turbulence observed in tokamaks, which still re-

mains an outstanding crucial issue.

V. INSTRUMENTATION AND TECHNIQUES

A reflectometer system is made of three major components: a microwave source, a transmission line,
and a detection system. In this Section, we will discuss the main features of this hardware, emphasizing
those aspects which are of importance for the application of this technique to a fusion reactor.

As discussed in the previous Sections, reflectometry measurements require the use of multiple fre-
guencies, either in sequence or simultaneously. In early reflectorbatsk@ard-wave-oscillators (BWO)
were used as tunable sources of radiation. In these tubes, where microwave beams are generated by ele
trons moving inside a slow-wave structt#& the wave frequency is proportional to the electron velocity,
and thus it can be changed by controlling an applied voltage. The main advantage of BWOs is their wide
range of tunability, which can be the entire microwave band of operation, and a relatively large output
power, which can be in excess of 100 mW at 140 GHz. More recently, BWOs have been replaced by solid
state Gunn diodé32 which offer the advantage of a better frequency stability, a lower noise, a long life,
and require low voltages and hence simpler power supplies. The frequency range of these osdiBators (
140 GHz) is determined by the structure of the semiconductor and the applied voltage. Even though their
range of tunability extends over less than 1% of the center frequency, when used in combination with a
varactor diode their range of electrical tunability can risel@ of center frequency, with power levels in
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the range of 10-100 mW. Finally, the frequency can be extended by frequency multipliers (doublers, triplers,
and quadruplers) spanning the range 18-600 GHz, with output powers ranging from 50 mW at the lower
frequencies, to 0.1 mW at 600 GHz.

The use of low power reflectometers in large experiments, where most diagnostic systems must be
located at a large distance from the plasma, requires the use of transmission lines with very low losses. A
common solution is the use of oversized waveguides, as in the O-mode reflectometer of the Joint Europear
Torus (JETY6-19.48which employs 25 m long WR187 (C-band) copper waveguides with thenidele of
propagation in the frequency band 18-80 GHz, and a total lesDaiB. In the X-mode reflectometer of
the Tokamak Fusion Test Reactor (TF¥R)23 operating in the frequency range 110-140 GHz, a low
transmission loss is instead achieved using cylindrical corrugated waveguides with {lmeddE, where
losses are not only very low, but are also insensitive to misalignments and deford¥#ma.result, the
power loss in the TFTR aluminum waveguides, which have a length of 15 m and a diameter of 6.35 cm, is
less than 1 dB.

The simplest reflectometer circuit is illustrated by the block diagram of Fig. 9, where a wave with a
constant amplitude and angular frequengyis launched into the plasma where it is reflected back and
scattered. The portion which is captured by the receiving antenna produces the signal
s(t) = a(t)cos(wyt + ¢(t)), with the amplitudea(t) and a the phase(t) that are slowly varying functions
of time on the scaleogl. The frequencywy, = dg(t)/ dt can be interpreted as the instantaneous Doppler
shift of the received wave, and thldg|<< w,. As discussed in the previous Sections, in the absence of
density fluctuations the amplitude is almost constant, and the phase dedéy carries information on
the position of the reflecting layer. In the presence of density fluctuationsafipthnd ¢(t) contain a
stochastic component that carries information on the statistical properties of fluctuations.

In the block diagram of Fig. 9, the sigrels mixed with a portion of the transmitter output in mixer
M1, and the resulting signal is filtered by a low-pass-filter (LPF) with cutoff frequapeyay|. The sign
of & is lost unless the signal is processed with the digital equivalence of heterodyne detection. Another
disadvantage of this scheme is that its dynamic range may be limited by the transmitter AM noise, and by
the mixer noise. To avoid these drawbacks, one can use the heterodyne detection scheme of Fig. 10, wher

the output of the microwave oscillator O1 with frequengy= w,) is used as a local oscillator (LO) for
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downshifting the frequency of both the received and the reference signals. A typical value for the IF fre-
quency (w,— )/ 2 is £500 MHz. To compensate for frequency jitters and drifts in the microwave
source, one may add the intermediate frequency (IF)¥agkFig. 11, which employs as LO a stable
crystal controlled oscillator (O2) with frequenay in the rangdaw, |<< w, <|w, — w,|. One sideband from

the mixer M2, where O2 is mixed with the reference signal of Fig. 10, is filtered by a narrow band-pass-
filter (BPF) and it is combined in M1 with the signal from the circuit of Fig. 10, to produce a new signal at
frequency w, - w, . Full information on the spectral characteristics of the received signals can then be
obtained with standard numerical techniques using the quadrature detection scheme of Fig. 12 togethet
with two signal digitizes

The range of tunability of this reflectometer scheme is limited by the BPF band on the output of M1 in
Fig. 11, which is typically of the order of 100 MHz. Thus its use for density profile measurements or for
density fluctuations requires a multi-channel system for spanning the frequency range of interest. This
approach has been adopted in the O-mode reflectometer of JB#86¢tiere 12 independent sources
(Gunn oscillators) with frequencies in the range 18-80 GHz are launched through a single oversized
waveguide. The frequency of each source is swept in 3-6 ms over a narrow 8400 dMHz, providing
the group delay at 12 radial locations. In this reflectometer, the IF stage of Fig. 11 is replaced by a phase-
lock loop which maintaingw, — | to a constant value of 10.7 MHz. Figure 13 shows an example of the
measured density profiles in JET, which appears to be in good agreement with the profiles obtained from
Thomson scattering and infrared interferométry.

The reflectometer scheme of Figs. 10 and 11 can be easily modified to extend its range of tunability.
This is illustrated in Fig. 14, where the circuit of Fig. 10 is modified to include a tunable transmitter in the
frequency rangew, < @, <a,, and two LOs with frequencies; and w,, that are used for producing a
main signal atu,-w, + &, and a reference signal @ — o, . This circuit can then be combined, as before,
with the IF stage of Fig. 11 and the quadrature detection scheme of Fig. 12. A multi-channel reflectometer
of this type, using the X-mode in the frequency band 110-140 GHz, was used for studying turbulent fluc-
tuations in TFTR1,119,121 Some of the results have been given in Figs. 5 and 8. Another is displayed in
Fig. 15, which shows the frequency dependence of the common vesrd the spectral coherengg

of two reflectometer signals with a cutoff separatior@frr/ k; .
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One of the main reasons for using heterodyne detection, in spite of its complexity, is the preservation of
the sign of phase variations. As mentioned above, this can be achieved with homodyne detection as well
(Fig. 9) if the signal is processed with the digital equivalence of heterodyne detection: the Complex De-
modulation Method (CDM).126 Suppose in fact that the signal from a reflectometer with the simple detec-
tion scheme of Fig. 9 is , wher@ is an initial phase. If then the digitized signal is multiplied by the
complex modulatior2exp(—iw,t) with w,,= ws, and it is filtered by a low-pass digital filter with cutoff

frequencyw, < a,,, the result is

s(t) = a(t)e (5emo (42)
from which can be easily derived. This method is currently employed for density measurements on the
DIII-D tokamak88:76with a reflectometer comprising two X-mode subsystems, one operating in Q-band
(33-50 GHz) for edge density measurements, and the other in V-band (50-75 GHz) for central density
measurements. An example of a measured density profile is displayed in Fig. 16 together with the corre-
sponding Thomson scattering data.
One of the major difficulties in performing density measurements with reflectometry is the spurious
effect of density fluctuations. Formally, we can cast the phase of the measured signal
Pt) = Play(t)) + Pt (1)) | (43)
as the sum of a monotonic phase defayesulting from the sweeping of the input frequengy and the
contribution of quctuationsc;). When|q7)|<< 1T, the phase delay, from which one can infer the plasma
density profile, is easily obtained by averagipgver time and frequency sweeps. Unfortunately, in the
opposite limit where}q72|2 11, this becomes very difficult, if not impossible. Particularly dangerous are 2D
density fluctuations, which as explained in Sec. IV may transform the reflected signal in the far field region
into a Gaussian noise, and thus with a phase which is uniformly distributed in the intenva).(To
compensate in part for these spurious effects, single frequency reflectometer systems, such as the DIII-D
reflectometer of the previous paragraph, employ very fast frequency sweeps (10-100 ms), so that the IF
frequency broadening caused by fluctuations becomes smaller than the IF frequency itself. The results are
then averaged over several sweeps. A better solution is offered by two-frequency reflectometer

schemed#.35,37 where ty microwave beams with a constant frequency separatigrare simultaneously
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injected into the plasma and the phase difference is measured while the frequencies are swept across th
band of interest. Then B, is chosen to makkaS(~p|< 1, 0¢ can be obtained from the time averag@®ef

To derive the conditions for a two-frequency reflectometer, we consider the limit of large fluctuations,
where the two complex signats and s, have zero mean, as in the case of Fig. 15. The distribution of is

then given by

1- yg[ YsCoS(3¢)

21 - (1- y2c0(5¢) ] (44)

P(5¢) =

moo. ~ 1
ol SN ot

which is displayed in Fig. 17 for several values of the normalized cross-correlatistg s, > / <|s|2>.

This figure shows hovP(5(~p) goes from a uniform distributior=(L/ 211) for y;=0, to a delta function for

y =1. For the case of Fig. 15, wheyg=0.9, we get<|5q~0F>”2= 0.6, which is not only smaller than one,
but it is also much smaller than the valuedgf> 277 that corresponds to the cutoff separation. In general,

taking y(p(f) :exp[—(flA)Z] for the normalized autocorrelation of the phase of geometric optics, and

following the same arguments as in Sec. IV, we get that the cutoff sepadeibory;=0.9 is given by

é = i , (45)
A 3%

where, as beforea(% is the variance of the phase of geometric optics (not the phase of the measured
signal). For TFTF@,1’127takinga(p= 3 rad andA =1-2 cm, we obtaird=0.1-0.2 cm.

One approach to two-frequency reflectom&riP is illustrated in Fig. 18, where the output of the
tunable microwave oscillator O1 with frequengy is modulated in amplitude at frequen€y (typically
100-400 MHz). This produces three spectral components at and , that are reflected by the plasma with
Doppler shiftsay and w, .., respectively. The received signal is then measured by the square-law detector
D1, and filtered by a BPF with a frequency bafi@® in the ranggw .|<<AQ << Q. The wave group
delay is then obtained from the phase delay with respect to the modulating signal The main disadvantage of
this scheme is its sensitivity to spurious reflections. Figure 19 shows an example of density profile on the
outer part of a PBX-M tokamak plasma,65 measured with an amplitude modulation reflectometer using
the X-mode in the frequency range 32-50 GHz, and W2 7=200 MHz.

Another approach to two-frequency reflectomefig illustrated in Fig. 20, where two tunable micro-

wave beams with constant frequency separation are simultaneously injected into the plasma. The two
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beams are produced with the scheme of Fig. 21, together with a third locked beam that is used as the loca
oscillator in mixer M1 of Fig. 20, where the two reflected waves with frequengieswy, and @, + @,

are detected. The two components of the output of M1 are then separated using two BPFs, and are recom
bined in mixer M3 to produce a signal with the frequengy— ay, + &, — &, from which the wave

group delay is finally obtained. Figure 22 shows an example of TFTR density pPotieeasured with

a two-frequency reflectometer operating in the band 90-118 GHz with the X-mode, and a frequency sepa-
ration of 125 MHz.

Finally, it is worth mentioning the scheme of pulse radar reflectometry, where the wave group delay is
obtained from the time of flight of short pulses. In one version of this methé#3§36.49.62a short
electromagnetic pulse is launched directly into the plasma. Since each of its Fourier components is re-
flected from a different location inside the plasma, the pulse duration is chosen so that its frequency spec-
trum is sufficient to span the accessible plasma region. The density profile is then obtained from the mea-
sured time of flight of each spectral component. Numerical simul&i&imdicate that the reconstruction
of density profiles from pulse reflectometry measurements is quite robust with respect to finite amplitude
perturbations. The apparent simplicity of this method, where a single ultra short pulse replaces the multiple
tunable sources of conventional reflectometry, makes it particularly suitable for density measurements in
large devices, such as ITER. A proof-of-principle system using 65 ps pulses has been built and tested on the
CCT tokamak at UCLA, giving results in agreement with other diagnd4tithe possibility of using
nonlinear transmission lines for producing the ultra short puise(ps) that are needed for applying this
technique to an ITER-type plasma is currently under investig&tion.

In another approach to pulse radar reflectonf&wyhich can be considered the dual of the previous
method, a set of discrete waves with frequencies within a Hdindre launched sequentially into the
plasma. By applying the Fourier transform to the measured frequency dependence of the amplitude and the
phase of reflected signals, one can reconstruct a pulse in the time domain and obtain the wave group delay
Since this is equivalent to launching a pulse of duraflor 1/ Af that can be shorter than the physical
time of the measurement, this method goes under the name of pulse compression radar reflectometry.
Preliminary tests on JET plasrindicate that the complete density profile could be measured in 2 to 5

Ks using available fast frequency synthesizers. As compared to the first scheme, this approach avoids the
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need for ultra shorts pulses, but requires waves with multiple frequencies and needs a more complicated

detection scheme.

VI. DISCUSSION

As discussed in the Introduction, microwave reflectometry possesses some of the characteristics of an
ideal diagnostic for a fusion reactor. During the past ten years, this method has made gigantic strides, anc
nowadays find extensive use in many tokamaks for density measurements. The crucial question then is
whether the plasma of a fusion reactor will be more difficult to diagnose with reflectometry than those of
present experiments. Two potential difficulties for reflectometry in reactor plasmas, i.e., in hotter and
bigger plasmas than those of existing tokamaks, is plasma absorption and turbulent fluctuations. The first
problem was addressed in Sec. Il, where it was shown that the R-wave cannot penetrate the center of ¢
tokamak reactor when launched from the low field side. Therefore, microwave reflectometry will be forced
to operate with the O-mode for central density measurements, and with the X-mode for edge densities
measurements.

The second problem, i.e., the spurious effects of plasma fluctuations, can be assess only using the full
scaling of turbulence parameters. These include space and time scale lengths and the total amplitude o
fluctuations. Even though such scalings are not well known, we can make safe predictions by assuming the
worst scenarios. The first is based on thiging length criteriort28 which predicts that the maximum

level of turbulence is

o,0(k L)1, (46)
wherek is the typical turbulence wavenumber ands a plasma spatial scale, such as the minor radius.
For the space-scale of turbulence, we may askifheéher theBohm-scaling
k OL1L, (47)
or thegyro-Bohm scaling
k Op1, (48)
where p 0 TY2/ B is the ion Larmor radiusT is the plasma temperature, aBdis the magnetic field.

Finally, for the turbulence time-scale we may use thérift wave scaling
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10 k_lio‘éh : (49)

where v, 0TY2 s a thermal velocity. From this equation, we get thatcales either aBL2/ T, or as

L/TY2, Since temperatures and magnetic fields of a fusion reactor are not much different from those of
plasmas in present large tokamaks, we conclude that the time scale of turbulence in a fusion reactor mus
increase, and therefore frequency sweeping and signal time averaging will be easier to perform. From Eq.
(34) and the above equations, we also conclude that the van'gmfehe phase of geometric optics scales
either as(koL)2 or as(lg)p)z. In both cases, the cutoff separation between the signals of a two-frequency
reflectometer (Eq. (45)) remains practically unchanged, so that this type of reflectometer will not be con-
fronted with new difficulties in a fusion reactor.

Plasma turbulence and its relationship to anomalous transport is one of the most important outstanding
problems of tokamak research. The major obstacle to the development of a satisfactory theory of turbu-
lence in tokamaks is the scarcity of the experimental data, that very seldom contain all essential informa-
tion, such as the full spectrum of fluctuations and their spatial distribution, and that in the best of cases
require a very long acquisition time. In hydrodynamics, on the contrary, many advances in the theory of
turbulence have been stimulated by optical techniques capable of providing a relatively quick visualization
of the turbulence flow. Microwave reflectometry could offer the opportunity for the development of simi-
lar techniques for the study of the micro-turbulence in tokamaks. A conceptual design for a possible scheme
is displayed in Fig. 23, where a probing wave with the X-mode and the frequency of 120 GHz is launched
into the plasma using two different cylindrical lensesdnd L,). Their role is to focus the wave onto the
centers of the two principal curvatures of the cutoff surface, so that it can propagate almost perpendicularly
to the magnetic surfaces. For the case considered in Fig. 23, which is that of a JET-like tokamak, the center
of the poloidal curvature is 82.38 m, while that of the toroidal curvature is obviously at R=0. Since the
former depends on the wave frequency, the positiob,afnust be adjustable. Outside the plasma, the
backward wave is reflected by a semitransparent milra@and an image of the cutoff is formed onto the
detector plané® by the spherical lens3. The electromagnetic field is then measured with an array of
microwave detectors. This type of arrays is beginning to appear in the technical literature, as in Ref. 129

which describes a microwave video camera employing a focal plane array (4 rows of 64 elements) for the
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detection of a human body thermal emission at 94 GHz. Each array element has a noise of 0.5-1 Kelvin
when frames have a duration of 1/30 s. Another example of detector array can be found in Ref. 130, which
describes the measurement of the electron cyclotron emission from a tokamak plasma using a wide-banc
20-channel array in the frequency band 90-110 GHz. Finally, the electromagnetic distribution of the re-
flected wave can be obtained from the intensity of a set of fringes, which can be formed using as a refer-
ence the forward reflection from the mirgk. Alternatively, but with considerable more difficulty, the
complex amplitude of the reflected field can be measured with an independent set of local oscillators. Even
though the implementation of this reflectometer scheme presents serious difficulties, such as the need for &
large port or for 2D arrays of detectors, it has the potential for providing crucial information for the devel-

opment of a theory of plasma turbulence.
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FIGURE CAPTIONS
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12
13

Characteristic plasma frequencies on the equatorial plane of an ITER-like ptasmay/ 2,

foo =21, fo=wy/2m, fo=wx/2m, f =w /2m, f, is the upper-hybrid frequency.

Electron density (dash) and temperature (solid) profiles on the equatorial plane of an ITER-like
plasma.

R-cutoff surfaces fd=185 GHz and the plasma parameters of Fig. 2; solid line is from the
relativistic theory, dot-line is from the cold approximation. Also shown is the ray trajectory of a
wave launched perpendicularly to the magnetic field from the low-field side of the torus with the
X-mode.

Fraction of total absorbed power versus frequency for a probing R-wave and the conditions of
Figs. 2 and 3.

Measured amplitude distribution of reflected signals in the far field region of a TFTR discharge.
Solid line is from an X-mode reflectometer with phase quadrature detection. Circles are from
the best fit of experimental data with a Rice distribution. Top is for reflection from the plasma
center; bottom is for reflection fromn / a=0.3. From Ref. 119

Calculated amplitude (top) and phase (bottom) of the reflected field at the cutoff virtual location
for =75 GHz and O-mode. Dashed line is the phase of geometric optics. The density profile is
that of a typical TFTR discharge, and the density fluctuations are in the fggé cnil,
Ak,=0.5 cm, and o, = 5x10~3 (From Ref. 120)

Same as in Fig. 6 at the plasma bound&rgng Ref. 12D

Coherence/. (w=0, IS/::O) of two reflectometer signals (X-mod€,40 GHz) as a function of

the cutoff separatiodyr, from the main core of TFTR discharges in Deuterium (top) and Tri-
tium (bottom). Dash lines are Gaussian best fitar{FRef. 121

Block diagram of a reflectometer with homodyne detection.

Block diagram of a reflectometer with heterodyne detection.

Block diagram of an IF stage for the compensation of frequency drifts in the circuit of Fig. 10.
IQ phase detection scheme.

Density profile measured with a multi-channel reflectometer in JET (circles); squares are inter-

ferometric data, and triangles are Thomson scattering Biatian (Ref. 48
34



Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

14
15

16

17

18

19

20

21

22

23

Block diagram of a tunable reflectometer.

Spectral coherengg and common powel. as a function of frequency for two reflectometer
signals with a cutoff separation ef2r1/ k,. (From Ref. 9}

Density profile obtained on DIII-D with a broadband, swept-frequency reflectometer using the
CDM method (solid line); circles are Thomson scattering datan( Ref. 71

Differential phase distribution for two Gaussian complex signals with vark@m&, mean

<s>=0 and cross-correlation.

Block diagram of an amplitude modulation reflectometer.

Density profile obtained on PBX-M with an amplitude-modulation reflectometer: (a) measured
differential phase as a function of frequency, and (b) corresponding reconstructed density pro-
files (solid line; crosses are Thomson scattering dd&teom( Ref. 6%

Block diagram of a two-frequencies reflectometer.

Block diagram for the production of two tunable microwave beams with constant frequency
separation.

Density profiles obtained on TFTR with a two-frequencies reflectometer: (a) measured differen-
tial phase as a function of frequency, and (b) corresponding reconstructed edge density profiles.
(From Ref. 58

Conceptual design of a reflectometer apparatus for the visualization of turbulence in tokamaks;
L, and L, are cylindrical lensed s is a spherical lendyl is a semitransparent mirror, aRdis

the plane of an array of detectors.
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