1MICROWAVE IMAGING REFLECTOMETRY FOR THEVISUALIZATION OF TURBULENCE IN TOKAMAKS E. MazzucatoPrinceton Plasma Physics Laboratory, Princeton University,P. O. Box 451, Princeton, New Jersey 08543AbstractUnderstanding the mechanism of anomalous transport in magneticallyconfined plasmas requires the use of sophisticated diagnostic tools forthe measurement of short-scale turbulent fluctuations. This paperdescribes the conceptual design of an experimental technique for theglobal visualization of density fluctuations in tokamaks. The proposedmethod is based on microwave reflectometry and consists in using alarge diameter probing beam, collecting the reflected waves with a largeaperture antenna, and forming an image of the reflecting plasma layeronto a 2D array of microwave receivers. Based on results from a seriesof numerical simulations, the theoretical feasibility conditions of theproposed method are discussed.Key words: Tokamak, anomalous transport, turbulent fluctuations,microwave imaging reflectometry.

21.IntroductionThe direct impact of plasma confinement on the feasibility of aneconomical fusion reactor makes understanding the mechanism ofanomalous transport in magnetically confined plasmas one of the greatchallenges of fusion research.Both theory and experiments suggest that plasma transport intokamaks greatly exceeds neoclassical predictions because of short-scaleturbulent fluctuations causing an enhancement in the diffusion ofparticles, energy and momentum across the magnetic field lines [1].However, such an explanation is not completely satisfactory since it isbased neither on a self-consistent theory of plasma turbulence nor oncomprehensive sets of measurements. Indeed, the role played byturbulence on transport of magnetically confined plasmas is still anoutstanding issue.Because of the overwhelming difficulty in developing the theory ofplasma turbulence and in performing exhaustive measurements ofto play a dominant role in the prediction and interpretation of tokamakexperiments. However, this also is not satisfactory since, given theenormous complexity of the problem, any simulation of turbulence mustbe driven by a direct experimental observation of the turbulentfluctuations. A case in point is that of classical fluids [2], where manyadvances in the theory of hydrodynamic turbulence were stimulated bythe visualization of the turbulent flow with a variety of opticaltechniques. Unfortunately, none of these diagnostic methods could beused for the measurement of fluctuations in low density and hightemperature plasmas, such as those in tokamaks.This paper describes an experimental technique for the globalvisualization of turbulent fluctuations in tokamaks. Its outline is asfollows. Section 2 is a discussion of difficulties and limitations in theuse of microwave reflectometry in tokamaks — the basis of the method

3proposed in this paper. Section 3 contains results from a series ofnumerical simulations, and their implications for the use ofreflectometry in tokamaks are discussed in Sec. 4. Section 5 describesthe conceptual design of a possible apparatus for the global visualizationof turbulent fluctuations in tokamaks. Finally, concluding remarks aregiven in Sec. 6.2.Microwave ReflectometryThe method described in this paper is based on microwavereflectometry [3] — a radar technique for the detection of plasmafluctuations from the reflection of microwaves by plasma cutoffs.Because of a high sensitivity to plasma fluctuations, reflectometry hasfound extensive use in tokamaks for the detection of turbulence.However, often the high sensitivity makes very difficult the extraction ofany quantitative information from the measured signals as well.The interpretation of reflectometry is relatively simple in a 1Dgeometry, where a plane stratified plasma permittivity

e e e=+

0( )_~( ) r r

(with fluctuation component

~()e r <<1

) is probed by a wave propagatingin the r-direction. Under these conditions, it is easy to show that whenthe radial wave number of fluctuations satisfies the equation

kkLr < 0 0/( ) /e 1 3

(where

Ldrr rce e= =-( / )0 1

is the scale length of theplasma permittivity at the cutoff

rc=

and

k0

is the free-space wavenumber of the probing wave), the fluctuating component of the signalphase is given by the approximation of geometric optics [3]

~ ~ ( )

( ) f

e e=�k r rrc0 00

.(1)Taking

|/k Lr >1 e

since we are interested in short-scale fluctuations,and

e e 0() ( )/ r r r L

c» -

since most of the contribution to

f̃

comes froma narrow region near the cutoff, from Eq. (1) we obtain [3]

G Gfp( ) | | ( )k M k Lk kr nr n r=02

,(2)

4where

L ndndr

n r rc = = /( / )

is the scale length of the electron density n,

Mnnr rc” =( / )¶ e ¶

(equal to one for the ordinary mode and to two forthe extraordinary mode),

G f( )k r

is the power spectrum of

f̃

(considered as a function of

rc

) and

G n rk( )

is the power spectrum ofthe relative density fluctuation

~/n n

.In conclusion, for 1D turbulence the power spectrum of densityfluctuations

G n rk( )

can be obtained from the power spectrum of thesignal phase

. The latter can be measured by performing radialcorrelation measurements using several probing waves with closelyspaced cutoff layers.FIG. 1. In-phase (I) and quadrature (Q) components of a TFTRreflectometer signal over a 1 ms window (left), and probability densitydistribution of the signal amplitude

r = +IQ 2 2

(right); open circlesare the Rayleigh distribution (

= - 2 2 r r exp[ ]

).The use of reflectometry becomes considerably more difficult inplasmas with multi-dimensional turbulent fluctuations. Unfortunately,this is just the case of interest in magnetically confined plasmas, such asin tokamaks where turbulent fluctuations vary in both the radial andpoloidal directions. The difficulty stems from the fact that when theplasma permittivity fluctuates perpendicularly to the direction ofpropagation of the probing wave, the spectral components of thebackward field propagate in different directions. This may result in a_{-2 -1 0 1 2-2-101}2_I

Q

�

P(� )

0.0 0.0

0.5

1.0

0.5 1.0 1.5 2.0 2.5

complicated interference pattern on the detector plane, from which it isvery difficult to extract any information on the fluctuations underinvestigation. This phenomenon is illustrated in Fig. 1, which shows thein-phase (

) and quadrature (

) components of a TFTR signal together with the density distribution of the signal amplitude

r = +IQ 2 2

[4]. The large fluctuations in the measured signal are signal components into two independent normal random variables withzero mean. Consequently, the phase of the measured signal cannot be To better understand and quantify this phenomenon, we haveperformed a series of numerical simulations of reflectometry in plasmaswith 2D fluctuations [5]. Here we present only the results that are of

In a system of orthogonal coordinates (

), we assume that a planestratified plasma density (

nr( )

) is perturbed by a field of 2D fluctuations ~ ( , )

n x r

~( , )( ) cos( )cos( ) n x rn r p r q x pq qM pM r x pq

= � + = = d j 1 1 k k

consisting of

discrete components with wave numbers

prk

and

qxk

kr kx j pq

dpq r r x x

p p k q k

2 2 2

� - -

exp[ ( / ) ( / ) ] k k D D

where

Dk M

r r= k / 2

,

Dk M x x = k /2

. Throughout the paper we will use

The plasma is confined to the region

rrb<

and the probing waveis launched in the

-direction from the free-space region

rrb>

. Forfacilitating the comparison with experimental results, the density istaken similar to the electron density distribution on the equatorial plane

of a typical TFTR discharge. Finally, the probing wave has thefrequency of 75 GHz and the ordinary mode of propagation with the

The wave amplitude (

Exr( , )

) is expressed as the sum of 2

�›�„�¨%qflZ�ø�£�¿ø�¥�œ]d�8{n^�.<T�i‘k� v�!�‹�m5X§q<f5�8ˇKłfl˘�a‘ŁŒ�fl�Yæ�}�flZV�1o1”�`\|ª�º2ßŁ£a�GæØ.n�K– ¥g�?�=�†7⁄%z�5�*f4]j6P�´�Z1�2O�-�z�&s�9C�jÆ3�§)+m«

E x r c E x r n n N N n ( , ) ( , ) =

� =-

En E x r f r e

im x n mn m N

N x ( , ) ( ) = �

=- k

where

frmn( )

are solutions of a system of 2 +1 ordinary differential d f

dr k f k

p r f e f e

mn m mn

q M p M pq

r m q n i m q n i pq pq

2 2 2 2 2

1 1

1

2 0 = ( - + - + -

� � + = = - +

0 0 0 0 x ( ) ( )

cos( ) ( )

( ) ( )

e a e

d_{j j} [ ] ) k

m = -N, -N + 1.......N

where

e w w

0 = -1 2

( / )p

is the unperturbed plasma

w p p e e

n e m

= ( / ) /

4 2 1 2

is the plasma frequency and

a m xm k

= k / 0

These equations, that are obtained inserting Eqs. (4) and (6) into thewave equation and by performing a Fourier expansion in

x

, can besolved with the Runge-Kutta method. The coefficients

cn

in Eq. (5) are

E x r( , )

E xr e ik r Aei n x k n r n n NN x x

( , ) [ ( ) ]_/

= - + + -

�^{=-} - 0 0 k k2 2 212

where the first term on the right hand side is the launched wave, whilethe second represents the field of reflected waves in free-space (in thefollowing referred to as the backward field

Eb

). In the region

rb<

, represents a virtual field that an observer in free-space could measure bymapping the plasma region onto an array of detectors with an optical

Finally, the integer m u s t b e c h o s e n l a r g e e n o u g h t o m a k e t h e r e s u l t s s i g n i f i c a n t l y u n c h a n g e d b y a n y i n c r e a s e i n i t s v a l u e . T h i s condition, to be verified a posteriori, allows the closure of the system ofd i f f e r e n t i a l e q u a t i o n s ( 7 ) b y s e t t i n g t o z e r o a l l t e r m s

fm q n( )–

with

||m q N– >

Shown in Fig. 2 are the amplitudes

||An

of reflected waves as afunction of

knx x= k

for fluctuations with

D k x

=0.5 cm and

D k r

�›�„�¨%qflZ�ø�£�¿ø�¥�œ]d�8{n^�.<T�i‘k� v�!�‹�m5X§q<f5�8ˇKłfl˘�a‘ŁŒ�fl�Yæ�}�flZV�1o1”�`\|ª�º2ßŁ£a�GæØ.n�K– ¥g�?�=�†7⁄%z�5�*f4]j6P�´�Z1�2O�-�z�&s�9C�jÆ3�§)+m« -1. The three cases differ only in the value of the total densityfluctuation, defined as the volume average

s n n n

=< >

~ / /

2 2 1 2

, which isequal to 2.5, 5.0 and 1.0 -3

, respectively. These resultsshow that a rise in the level of plasma fluctuations causes a spectralbroadening of the reflected waves and a decrease in the amplitude (

A0

FIG. 2. Spectra of backward waves as a function of

kx

for fluctuationswith

Dkx

=0.5 cm

Dkr

=1 cm, and

s n

�›�„�¨%qflZ�ø�£�¿ø�¥�œ]d�8{n^�.<T�i‘k� v�!�‹�m5X§q<f5�8ˇKłfl˘�a‘ŁŒ�fl�Yæ�}�flZV�1o1”�`\|ª�º2ßŁ£a�GæØ.n�K– ¥g�?�=�†7⁄%z�5�*f4]j6P�´�Z1�2O�-�z�&s�9C�jÆ3�§)+m« (a),

sn

,˚

sn

(c). Calculations were done with

1 10-3

10-3 1

(a�)

(b�)

(c�)

0 5 -4 -3 -2 -1 1 2 3 4

For the same three cases of Fig. 2, Fig. 3 shows the modulus

r = | | E b) and the phase deviation (

~�

) from the mean phase of thebackward field at the plasma boundary (

rb=

). These results showlarge fluctuations in

�

and therefore that the backward field is far frombeing approximated by a plane wave. Shown in Fig. 3 is also the phaseobtained from Eq. (1) neglecting the bending of rays, which in thefollowing we will indicate with

f GO

and refer to as the phase of 1Dgeometric optic. These results show that

~�

is significantly different

f GO FIG. 3. Modulus

r

of the backward field (left), and fluctuating phase

f̃

(right) at plasma boundary (

rrb=

) for the three cases of Fig. 2.Dashed line is the phase of 1D geometric optics (

f GO

The large fluctuations in the amplitude of the backward field shownin Fig. 3 are caused by the interference of reflected waves. The question,then, is whether the fluctuations in

are smaller at other locations. In

0 75 0 2 4 -2

� [rad]

0 75 0 -4

� [rad]

0 75 8 -8

� [rad]

a ) b ) c ) 0 75 1 2 0 0 75 1 2 0 0 75 1 2 0

x [cm] x [cm]

-75 -75 -75 -75 -75 -75 c ) b ) a )

0

~ ~ ~

E b | | E b | | E b | |

the random phase screen model of reflectometry [6], where the primaryeffect of plasma fluctuations is a phase modulation of the probing wave

r r c_» FIG. 4. Isometric 3D plot of the field amplitude

r ( , )x r

for the case (a)of Fig. 2; the probing wave is launched from the free-space region

The isometric 3D plot of

r ( , )x r

, shown in Fig. 4 for one of the cases ofFig. 2, proves that indeed a region with very small fluctuations exists,

FIG. 5. Value of

as a function of

for the three cases of Fig. 2. Thedash line represents the value of from the Raileigh distribution.

x [cm]

� �(x,r)

-50 -30 -10 10 30 50 0.5 1.0 1.5

200 250 300 350

r [cm]

r_b r_c rG

0.6 0.5 0.4 0.3 0.2 0.1 0.0 r [cm]

150 200 250 300 350 a b c rG rc rb

�_�

As a measure of the fluctuation of

r( , )x r

, we define the variance

s r r

r^{2 2}

( ) ( )

r r r

=< - < > >

, where

< > L r indicates the average atconstant value of

. Figure 5 shows that the radius

rG

of the absoluteminimum of

s r

is the same for all the cases of Fig. 2. It is alsointeresting to note that for

rG>>

, Fig. 5 shows that

s r

approaches thevariance given by the Rayleigh distribution of a Gaussian noise,indicating that as in Fig. 1 the real and the imaginary component of thebackward field become two independent normal random variables with

FIG. 6. Fluctuating phases

f G

(solid line) and

f GO

(dashed line) forthe three cases of Fig. 2.Shown in Fig. 6 is the value of

f GO

and the phase deviation fromthe mean for the backward field at

rG=

(in the following referred to asthe phase

f G

). The excellent agreement between

f GO

and istantamount to a reduction of the problem of 2D fluctuations to that of1D fluctuations. In both cases, Eq. (2) provides a link between plasmafluctuations and a measurable phase — the signal phase for 1D

x [cm]

08-8 c) -75 0 75

04-4 b�)

02-2 a)�

� & � �[rad]

G

GO

f G The two properties of the plane

rrG=

, i.e., where

s r

has itsabsolute minimum and

f f G GO »

, would make the backward fieldappear to an observer in free-space as coming from a virtual locationbehind the cutoff. This is the result of the spatial variation of

e 0

thatcauses a bending towards the

-axis in the trajectory of waves with

kx „ 0

. To quantify this phenomenon, let us consider the geometry ofFig. 7 where the plasma is divided into plane slabs with thickness

and uniform permittivity

e i

. For a ray with wave number

kx

, we can

l l l l

i i i ii i + + - = - +

1 1tan( )

tan( )^qq^d where

Ri

and

q i

are the radius and the angle of intersection with the

l r R

i i i

= - FIG. 7. Geometry used for deriving

kxl l li i ii i i+ +- » - - - - +1 1 1d e a e a e ad

where

a =( / )k kx 0 2

. The limit

Nfi ¥

turns Eq. (10) into the d

dr l r

r r

( )

( ) ( )

e a e a 0 0 - = -^1

R R

�

r r r i � i+1

� i+1

i+1 i -1 i+1 i i

� i

a eL

l r r r

dr r

r b cb

( ) ( )

= » � 1 e 0

Since this expression does not depend on

kx

, all rays starting from the

r r r

r dr

r r G b cb

= » - � 1 e 0 ( ) It is interesting to note that the integral in this equation is the group

Figure 8, where

s r ( )r

is displayed for three density profiles havingthe same cutoff radius, shows that Eq. (13) agrees with the results of the

FIG. 8. Value of

s r

(right) for three density profiles (left) havingidentical cutoffs ( a is the profile used throughout the paper).Fluctuations are as in case (

) of Fig. 2. Arrows on the right graphindicate the value of r

G

Eq. (13).In deriving Eq. (12) we have neglected terms of order

Lkkxe( / )0 2

which is also the magnitude of the displacement of the wave turningpoint from the cutoff radius. Since these terms depend on the value of

, their inclusion would make

rG

depend on

as well. This explainswhy the minimum value of

s r

increases with

sn

(i.e., with

Dkx

) as inFig. 5, or with

Le

as in Fig. 8. As we shall soon see in Sec 4, this sets

150 200 250 300 350

0.51.0

n [10

14

cm

-3

]

r [cm]

0.0 �

� rc 150 200 250 300 350 r [cm]

0.60.50.40.30.20.10.0 �

� �

FIG. 9. Phase

f G

(dash line) and normalized density fluctuation

n*

at +0.8 cm (solid line) for the three cases of Fig. 2.The results described so far represent an enormous reduction in thedifficulty of obtaining the spectrum of turbulent fluctuations fromreflectometry data. However, as explained in the introduction, we arelooking for an experimental technique capable of providing a directvisualization of turbulent fluctuations. Thus the crucial issue is thesimilarity of the phase

fG

with the local value of density fluctuationsnear the cutoff. This is illustrated in Fig. 9, again for the three cases ofFig. 2, where

fG

is shown together with the normalized fluctuation

nn* ( / )( ~ / )” s sf

, with the factor

s s p

f / ( / ) / / n n r

k L k

= 32 2 12 0 D

given by Eqs. (2)-(4). In Fig. 9, we use the radius

rc=

+0.8 cm thatgives the best agreement between

and

fG

. This radial position isshifted from

rc

by an amount of order

()//k L k0 0e 1 3

, i.e., it is locatedwhere waves with

|k kx <<0

have the largest amplitude. The small

-202 a)

- 75 0 75 -808 x [cm] -404

� [rad] & n*

b)c)

G

discrepancy between

fG

and

n*

is due to the different structure of thesequantities, the former being an integral function of the second. This isalso what produces the different dependence on

kr

of their power

FIG. 10. Phase

f G

(dashed line) and normalized density fluctuations

(solid line) for

(), + 0 . 8 ( ) a n d+ 1 . 8 (

Fluctuations are as in case (

) of Fig. 2 but with

Dkr

The similarity between

n*

and

f G

degrades very quickly awayfrom the optimal position. This is illustrated in Fig. 10, which shows thephase

f G

and the normalized density

at three radial locations forfluctuations similar to those in case ( ) o f F i g . 2 b u t w i t h t h e l a r g e r

D kr = 20.

cm , c o r r e s p o n d i n g t o a r a d i a l c o r r e l a t i o n l e n g t h o f approximately 1 cm. Note that the optimum radius is the same as in Fig.9, with deviations that are similar in spite of the shorter radial scale ofdensity fluctuations. Thus the conclusion that the measurement of thephase

f G

can provide the local value of plasma density fluctuations near

0

2

-2

� �

-2

0

2

2

-2

0

x [cm]

-75 75 0

�

�

� [rad] & n* G

The results in the previous section could be summarized by sayingthat the field of reflected waves arises near the cutoff from the phasemodulation of the probing wave, with a magnitude given by 1Dgeometric optics, i.e., neglecting the effects of fluctuations on raytrajectories. Because of the distorting effect of the non-uniformity of theaverage plasma permittivity (

e 0

), the backward field appears to arrivefrom a distant point (

rG

) behind the cutoff, where it can be approximatedby

Eix= exp[ ~ ( )]f

. Assuming that the phase

f̃

is a normal randomvariable with mean

< >=f̃ 0

, variance

s f f2 2

”< >~

and autocorrelation

g x f f x s f f ( ) ~ ( ) ~ ( ) /

”< + >

1 2 2 x x

, for the first two moments of thebackward field we obtain

< >= -

E exp( / ) s f2 2

and

< >= - -

E E1 2 2 1

* exp[ ( )] s g f f

, which are both decreasing functions of

s f

. Consequently, in agreement with results in Fig. 2, as the level offluctuations increases, the amplitude of the wave propagating along thedirection of specular reflection (i.e.,

< >E

) decreases, and the spectrumof reflected waves (i.e., the Fourier transform of

< > E E1 2*

) broadens. Inparticular, for

s f >>1

, taking

g x x d

f ( ) exp[ ( / ) ] = - 2

and expanding tothe second order in

�

, we obtain

< >» -

E E12

* exp[ ( / ) ] s x d f

. Thus,away from the cutoff, if

D kx

is the spectral width of fluctuations and

s f Dk kx << 0

, the reflected waves are distributed over a range of radialwave numbers

d s f

k k k r x » 2 2 2

D / 0

. Consequently, at a distance from

rG=

that is larger than the diffraction distance

Dkr=1/d

, theinterference of waves will produce (as in Figs. 1 and 3) a complicatedfield pattern with large amplitude variations and random phases. Thissuggests that the amplitude

of the measured signal must follow thedistribution derived by Rice [7] for a signal containing a sinusoidal

P I ( )

( )/

r r

s r r s

r r

s

=

- + �

Ł

�

�

ł

� e

2

2

2 2

2

2 0

0

0

where

I0

is the modified Bessel function of order zero,

s 2

is thevariance of both the real and imaginary parts of the Gaussian noise, and

r 0

is the amplitude of the sinusoidal signal. In the case of our numericalsimulation, since we use a probing wave with unit amplitude,

s r 2 2 1 2 = - ( ) / 0

and

r s f

02 2 » - exp( )

. The Rice distribution becomes aRayleigh distribution for

s f >>1

, in agreement with the experimentalresults of Fig. 1. A statistical analysis of several numerical realizationsof

Eb

indicates that Eq. (14) is in good agreement with the results of the

FIG. 11. Fluctuating phases

f G

(solid line) and

f GO

(dashed line) for

s n

and other parameters in Fig. (2).The model of reflectometry suggested by the numerical results ofSec. 3 will obviously fail for large amplitude fluctuations. In fact, sinceeach spectral component of the backward field originates near thecorresponding turning point, this must occur when the turning points aredistributed over a distance

Drc

that is comparable to the radial scalelength of fluctuations

1/ Dkr

, i.e., when

D Dk rr c >1

. Since

D D r L k k c x / / e fs»2 2 20

, we conclude that a necessary condition for thevalidity of the above model of reflectometry is

s f e

2 20 2

< k L k kr x

/ D D

. By

-75016-16 0 75 x [cm]

� & �

�[rad]

G GO

expressing

s_f2

in terms of

sn2

(Eqs. (2)-(4)), this condition can be cast

s p n n xL k 2 3 2 2 2 1 <_/ D For the plasma parameters in Fig. 2 (where

Ln

=50 cm), Eq. (15) gives

s n

, which explains why in all three cases of Fig. 6 we f f G GO

» Figure 11 shows the effect of doubling the value of

s n

(2.0-2for case (c) of Fig. 6, making the amplitude of fluctuations larger thanthe limit imposed by Eq. (15). As expected, this results in a large

f G f GOFIG. 12. Fluctuating phases

f G

(solid line) and

f GO

(dashed line) for

Dkx

and other parameters of case (c) in Fig. (6).Another way of violating Eq. (15) is by increasing the spectralwidth of the fluctuations. This is illustrated in Fig. 12 showing the resultof doubling the value of

Dkx

for case (c) of Fig. 8. Since this pushes thelimit imposed by Eq. (15) (

sn

< 0.8

below the level of plasma fGfGOThese results show how quickly

fG

departs from

fGO

when thecondition of Eq. (15) is violated. In tokamaks, both theory and

-40 0 40 -8 0 8 x [cm]

� & �

�[rad]

G GO

experiments indicate that the amplitude of short-scale densityfluctuations obeys the mixing length criterion

sn r nk L

< 1 /

[1]. Fromthis and Eq. (15), we conclude that a condition for the applicability ofgeometric optics to reflectometry measurements of 2D plasmafluctuations in tokamaks is

D D k k r x > p 3 4/

(besides the condition

Dk k k L

r < 0 0/( )e 1/3

The numerical results of the previous sections emphasize theimportance of measuring

f̃ G

for obtaining the value of densityfluctuations near the cutoff. In principle, this could be done by collectingthe reflected waves with a wide aperture antenna, and by imaging thecutoff onto the detector plane (taking the average plasma into account). This is the first novelty of the scheme proposed in thispaper. A second novelty is the simultaneous sampling of a large portionof a magnetic surface, which requires the use of large microwave beamsand 2D arrays of detectors. The latter are technically feasible, as shownin Ref. [8] which describes a microwave camera with a focal plane array(4 rows of 64 elements) for the detection of the human body emission at94 GHz with a resolution of 1 K and a frame rate of 30 Hz. Anotherexample can be found in Ref. [9] which describes the measurement ofthe electron cyclotron emission in the TEXT tokamak using a wide band20 channel array in the frequency range 90-110 GHz. More recently,similar measurements have been repeated in the RTP tokamak [10]

Figure 13 illustrates the conceptual design of a microwave imagingreflectometer for the visualization of turbulence in a tokamak plasma. Inthis scheme, as in the numerical simulations, the rays of the probingwave impinge perpendicularly upon the cutoff surface. This is obtainedby using two cylindrical lenses (

L1

and

L2

) with different focal points.For the case considered in Fig. 13, where the probing wave has a frequency of 120 GHz and the X-mode of propagation, the focal point of

L2

is at =2.3, while that of

L1

is obviously at =0. Since the formerdepends on the wave frequency, the position of

must be adjustable.Outside of the plasma, then, the backward wave is reflected by thesemitransparent reflector

and an image of the cutoff is formed by thespherical lens

L3

onto the plane , where the field is measured with a

FIG. 13. Conceptual design of an imaging reflectometer for a JET-liketokamak;

and are cylindrical lenses,

is a spherical lens, is asemitransparent mirror, and

is the detector plane.In Fig. 13, the function of the cylindrical lenses

and is totailor the wave front of the probing wave to the shape of the cutoffsurface, which allows the mapping of the cutoff onto the detector planeby the spherical lens

. Figures 14 and 15 show the result of replacing

and

with a single spherical lens and optimizing the raytrajectories on either the poloidal (Fig. 14) or the toroidal (Fig. 15)

2.0 1.5 1.0 0.5-0.5-1.0-1.5-2.0 0.0

Z [m]

1.0 2.0 3.0 4.0 5.0 6.0 R [m] M P L2 L1L3

plane. In both cases,

L3

would not be able to create an image of thereflecting cutoff onto the detector plane. Thus, the use of the cylindricallenses

L1

and

L2

is to combine the poloidal ray trajectories in Fig. 14

FIG. 14. Ray trajectories (from a ray tracing code) of the probing wavein the absence of fluctuations when the focal length of

in Fig, 13 isequal to that of

: dash lines are forward rays and solid lines arereflected rays on the poloidal (left) and equatorial (right) planes.By probing the plasma using simultaneously multiple waves withclosely spaced cutoffs, the proposed method could provide the full 3D

Fig. 15. Same as in Fig. 13 when the focal length of

in Fig. 13 isequal to that of

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

0.80.6 0.40.2 0.0-0.2 -0.4-0.6 -0.8

Z [m]

R [m] magnetic surface cutoff surface

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

0.80.6 0.40.2 0.0-0.2 -0.4-0.6 -0.8

Y [m]

R [m] cutoff surface

Finally, the proposed method can use either the ordinary or theextraordinary mode of wave propagation, but the latter must be preferredbecause of the better spatial resolution that derives from the largerprobing frequency of the extraordinary mode. The spatial resolution isgiven by

d l»-2 ( / )( )0 D r rb G

, where

l p 0 0 = 2 / k

and

D

is thediameter of the probing beam. For the case of Fig. 13, we get

d »

1 cm

D = In conclusion, the method described in this paper is a first attempt atdeveloping techniques for the global visualization of turbulent andcoherent structures in tokamak plasmas. Undoubtedly, its practicalimplementation presents serious difficulties, such as the need for largeports and 2D arrays of microwave detectors. Nevertheless, the proposedtechnique has the potential for providing new information on the spatialstructure of turbulent fluctuations in tokamaks, that could be useful foradvancing the theory of plasma turbulence or for checking the results of This work was supported by U.S. DOE Contract No. DE-AC02-76-