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Abstract
In this paper, we discussthe use of coherentscatteringof CO2 lasersfor
high resolutionmeasurementsof short-scaleturbulentfluctuationsin thenext
generationof tokamakburningplasmaexperiments.Theuniquefeatureof the
proposedschemeis theobliquepropagationof theprobingbeamwith respect
to themagneticfield, with thetoroidalcurvatureof field linesplayinga major
role in improving thespatialresolutionof measuredsignals.In addition,small
scatteringanglesandnegligible wave refractioneffectsminimize the sizeof
neededports—amatterof vital importancefor a plasmadiagnosticthatmust
operatein thehostileenvironmentof aburningplasma.

1. Introduction

The direct impactof plasmaconfinementon the feasibility of an economicalfusion reactor
makes the investigationof plasmatransportone of the most important tasksfor the next
generationof DT burningplasmaexperiments—suchasIGNITOR andITER [1,2]—where
for the first time the kinetic energy of chargedfusion productswill be the dominantsource
of plasmaheating. Consequently, sinceboth theory and experimentssuggestthat plasma
transportin tokamaksexceedsneoclassicalvaluesbecauseof the existenceof a short-scale
turbulence[3,4], thestudyof thelatterwill beof paramountimportancefor theseexperiments.

Themaindifficulty in choosingamethodfor themeasurementof turbulentfluctuationsis
the scarcityand limitations of availablediagnostics.For example,the methodof coherent
wave scattering, that was so prominent in early fluctuation studies [5–9], has a poor
spatial resolution—very often larger than the plasmaminor radius. The methodof beam
emissionspectroscopy [10] is sensitive only to relatively large-scalefluctuations,and the
negative ion beamsrequiredfor accessingthemaincoreof a burningplasmaarestill under
development.Likewise,microwavereflectometrycandetectonly large-scalefluctuations,and
the interpretationof signalsfrom the outerplasmaregion—whereturbulent fluctuationsare
very large—isextremelydifficult [11,12].
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Meeting the requirementsof plasmadiagnosticswill be extremelydifficult in the next
generationof burningplasmaexperiments,whereplasmaaccessibilitywill requirepenetration
of not only toroidalmagnetsandvacuumvessels,asin presentexperiments,but alsoof thick
insulatinglayersandradiationshields.Inevitably, onlythemostsimpleandreliablediagnostics
will survive in suchahostileenvironment.

Ideally, whatis neededis amethodcapableof detectingall typesof short-scaleturbulent
fluctuationswithout the needfor large ports. This is a dauntingtask given the variety of
fluctuationsin tokamakplasmas—fromthe ion temperaturegradientmode(ITG) and the
trappedelectronmode(TEM), both with the scaleof the ion Larmor radius,to the electron
temperaturegradient(ETG) modewith thescaleof theelectronLarmor radius[3,4]. As an
example,in ITER [2] with anaverageplasmatemperatureof 10keV anda magneticfield of
5.3T, thewavenumberof possiblefluctuationsvariesfrom 1–2cm−1 for theITG/TEM modes
to 50–100cm−1 for theETGmode.In IGNITOR[1], becauseof its highmagneticfield (13T),
weexpectshorterfluctuationsby a factorof ∼2.5.

In this paper, we discussthepossibilityof employing coherentscatteringof CO2 lasers
for localizedmeasurementsof turbulentfluctuationsin atokamakburningplasmaexperiment.
This is motivatedby someimportantadvantagesof this technique,suchas the availability
of high power single-modelasers,negligible wave refractioneffectsand relatively modest
requirementsfor thesizeof neededports.

2. Coherent scattering of electromagnetic waves

Coherentscatteringof electromagneticwavesisapowerful technique,capableof providing the
spectralpower of turbulentdensityfluctuations.It was employedextensively in earlystudies
of plasmaturbulence,includingthefirst detectionof short-scaleturbulencein tokamaks[5,6].

The processof coherentscatteringof electromagneticwaves by turbulent density
fluctuationscanbecharacterizedby thedifferentialcrosssection

σ = (e2/mc2)2S(k, ω), (1)

whereS(k, ω) is thespectraldensityof plasmadensityfluctuations[13]. Thefrequency (ω)
andwave vector(k) of fluctuationsmustsatisfytheenergy andmomentumconservation,i.e.
ω = ωs−ω0 andk = ks−k0, wheresuperscriptss and0 referto scatteredandincidentwaves,
respectively. Sincefor thetopicof thispaperωs ≈ ω0 andks ≈ k0, thescatteringangleθ must
satisfytheBraggcondition

k = 2k0 sin(θ/2). (2)

Theinstrumentalresolutionof scatteringmeasurementsis limited by thesizeof probingand
scatteredbeams,that in this paperwe will assumehaving a Gaussianamplitudeprofile
A(r⊥) = exp(−r2

⊥/w2), with r⊥ a radial coordinateperpendicularto the direction of
propagationandw thebeamradius. Thewave numberresolutionof measuredfluctuations,
then,dependson thebeamspectrumG(κ⊥) = exp(−κ2

⊥/%2), where% = 2/w andκ⊥ is the
wave numbercomponentperpendicularto thedirectionof propagation.For example,we get
% ≈ 0.7cm−1 for w = 3cm,which is satisfactorywhencomparedwith thewave numberof
expectedfluctuations.However, if wetakethesizeof thecommonregionbetweentheprobing
andthe scatteredbeamasa measureof spatialresolution(δl), we get δl ≈ 2k0w/k, from
which onemight concludethat it is difficult to performlocalizedmeasurementsof plasma
turbulencewith coherentscatteringof electromagneticwaves. Fortunately, this estimateis
valid only for anisotropicturbulence,which is not thecasein tokamakplasmaswhereshort-
scalefluctuationssatisfytherelationk·B/B ≈ 1/qR [3,4] (with q themagneticsafetyfactor
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Figure 1. Magneticfield (B1 andB2 andfluctuationwave vector (k1 andk2) at two pointsof
a probingbeam(k0) propagatingperpendicularlyto themagneticsurfaces.Scatteringanglesare
equal(i.e.k1 = k2) andsmall(i.e.k1 andk2 arenearlyperpendicularto k0).

andR theplasmamajorradius).For all practicalpurposes,this canbewrittenas

k·B = 0. (3)

In this paper, we will imposethis constrainton therangeof possiblefluctuations,i.e. we will
assumethewave vectorof plasmafluctuationsto beperpendicularto themagneticfield. In
thiscase,then,thespatialvariationof themagneticfield directioncanmodify theinstrumental
selectivity functionby detuningthescatteringreceiver [9,14]. This canbeeasilyunderstood
whenthe probingwave propagatesperpendicularlyto the magneticsurfacesandscattering
anglesare small (figure 1). From the beamspectrumG(κ⊥), we can readily obtain the
instrumentalselectivity function[9]

F(r) = exp[−(2k sin(ξ(r)/2)/%)2], (4)

whereξ(r) is thechangein pitch anglesof magneticfield linesstartingfrom thepoint where
scatteredwaves are detectedwith maximumefficiency, i.e. from the aiming point of the
receiving antenna.

Fromequation(4), weobtainthespatialresolutionδl ≈ 2%/k〈dξ/dr〉, where〈dξ/dr〉 is
theaveragederivativeof themagneticpitchangleinsidethescatteringregion. Comparedwith
theabove estimate,equation(4) doesnot dependon thewave numberof theprobingwave.
Thisis veryadvantageousfor scatteringof far infraredwaves,sinceequation(4) givesaspatial
resolutionthatis substantiallysmallerthanthedimensionof thecommonregion betweenthe
probingandscatteredbeams.Unfortunately, very oftenthis is not satisfactorybecauseof the
small valueof dξ/dr in tokamaks,as in the caseof the magneticconfigurationof figure 2
with the magneticpitch angledistribution of figure 3. In this case,we get the instrumental
selectivity functionof figure4 for fluctuationswith a wave numberof 2cm−1 anda probing
beam(w = 3) propagatingon the tokamakmid-planeperpendicularlyto themagneticfield.
In spiteof the fact thatsucha scatteringgeometry—indeedvery impracticalanddifficult to
implement—maximizesthe benefitsof magneticshear, the instrumentalselectivity function
in figure4 is verybroadandwould thereforeresultin poorly localizedmeasurements.

In this paper, we will considerthe generalcaseof a probing beampropagatingat an
arbitraryanglewith themagneticfield [14]. This is motivatedby thefact that theconditions
for coherentscatteringbecomestronglydependenton thetoroidalcurvatureof magneticfield
lineswhentheprobingbeamformsasmallanglewith themagneticfield. Thisisschematically
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Figure 2. Poloidalcrosssectionof anITER-like tokamakusedthroughoutthepaperfor deriving
thepropertiesof theproposedscatteringscheme.

Figure 3. Pitchangleof magneticfield lineson theequatorialplaneof thetokamakconfiguration
of figure2.

illustratedin figure5, showing a casewheretheprobingbeamis on thetokamakmid-plane.
For agivenfluctuationwavenumber, thewavevectorof thescatteredwave(ks) isparallelto the
mid-planeonly if thewaveis scatteredatoneof thetwo pointsP1 andP2 (toroidallyseparated
byanangleequalto thescatteringangle),wherethefluctuationwavevector(k) isin theplasma
radialdirection. At all theotherprobinglocations,then,equations(2) and(3) imposeon the
scatteredwaveto propagateatanobliqueanglewith themid-plane.It is thisphenomenonthat
we will exploit for localizingthescatteringregion. As we shallseein thefollowing, its size
dependson the spatialdistribution of magneticpitch anglesandmay becomevery small in
standardtokamakplasmas[14]. Furthermore,wewill find thatthisscatteringschemehasthe
additionaladvantageof minimizing theradialresolutionof fluctuationmeasurements,i.e. the
footprintof thescatteringregion in theradialplasmadirection.
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Figure 4. Instrumentalselectivity functionsfor detectionof fluctuationswith k = 2cm−1 atseveral
radial locations. The probingbeamhasa radiusof 3cm andpropagateson the equatorialplane
perpendicularlyto themagneticfield.

Figure 5. Scatteringgeometrywith the probing beam(k0) on the tokamakmid-plane. For a
given fluctuationwavenumber(k), equations(2) and(3) aresatisfiedonly atP1 andP2 (toroidally
separatedby thescatteringangleθ .

3. Instrumental selectivity function

Throughoutthis paper, we will assessthe localizationpropertiesof scatteringmeasurements
with an instrumentalselectivity function—asdefinedby the collection efficiency of the
receivingantenna—whichwasderivedin[14]. For thesakeof clarityandreader’sconvenience,
herewesummarizeits derivation.

In thesystemof orthogonalcoordinates(u, v, t) with the t-axisparallelto k0, we define
thepolarangleϕ with

ksu = k0 sin θ cosϕ, ksv = k0 sin θ sin ϕ, kst = k0 cosθ. (5)

Let us now considerscatteredwaves originatingfrom two pointsof the probingbeamwith
identicalscatteringanglesbut differentwave vectorsk1

s andk2
s, respectively (figure6). From

equation(5), weget

k1
s · k2

s

k0 · k0
≡ cosα = cos2θ + sin2 θ cosδϕ, (6)
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Figure 6. Orthogonalcoordinates(u, v, t) with the t-axis alongthe wave vectorof the probing
beam(k0).

whereδϕ = ϕ2 − ϕ1, giving
cosα = 1 − sin2 θ(1 − cosδϕ) = 1 − 2sin2(δϕ/2) sin2 θ. (7)

For θ2 ( 1 (alwayssatisfiedin thispaper),thisbecomes
α2 ≈ 4θ2 sin2(δϕ/2). (8)

Suppose,then, that the launching and receiving antennaehave similar electromagnetic
properties,i.e. identical radiation patterns,with the latter positionedfor collection with
maximumefficiency of scatteredwaves from the first point. By replacingκ⊥ with k0α in
thespectrumG(κ⊥), we obtainthecollectionefficiency of scatteredwaves from thesecond
region

F = exp
!
−α2/α2

0
"
, (9)

whereα0 = %/k0. This, togetherwith equation(8) and the Bragg condition, gives the
instrumentalselectivity function

F = exp[−(2k sin(δϕ/2)/%)2], (10)
wherek ≈ k0θ is the wave numberof detectedfluctuations. In the caseof a probingbeam
propagatingperpendicularlyto the magneticsurfaces,ϕ coincideswith the magneticpitch
angle(apartfrom anadditiveconstant)andequation(10) is equalto equation(4).

Finally, thepolarangleϕ canbeobtainedfrom equation(3), rewrittenas
(ks − k0) ·B = 0, (11)

from whichweget
Bt(cosθ − 1) + Bu sin θ cosϕ + Bv sin θ sin ϕ = 0, (12)

giving

cosϕ =
BuBt (1 − cosθ) ±

#
B2

uB
2
t (1 − cosθ)2 − B2

⊥
!
B2

t (1 − cosθ)2 − B2
v sin2 θ

"$1/2

B2
⊥ sin θ

(13)
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Figure 7. Poloidal(a) andtoroidal(b) trajectoriesof aCO2 Gaussianbeam(w = 3cm)propagating
on theequatorialplaneof thetokamakof figure2 with apeakplasmadensityof 1 × 1020 m−3.

and

sin ϕ = Bt(1 − cosθ) − Bu sin θ cosϕ
Bv sin θ

, (14)

whereB2
⊥ = B2

u + B2
v andwith the± sign correspondingto the two scatteringbranchesof

figure5.
In thenext section,theseequationswill beusedfor assessingthedegreeof localizationof

CO2 laserscatteringmeasurementsin the next generationof burning plasmaexperiments.
As a test-bedwe will use the tokamakconfigurationof figure 2 with the official ITER
parameters[2]: plasmamajorradius= 6.2m, plasmaminor radius= 2m, toroidalmagnetic
field onaxis= 5.3T andplasmacurrent= 15MA.

4. CO2 laser scattering

We begin with the scatteringgeometryof figure 7, wherea probingbeamwith a frequency
of 3 × 1013 Hz anda waist(w) of 3cm propagateson thetokamakequatorialplanealongthe
x-axis,andthescatteringreceiver issetfor themeasurementof fluctuationswith wavevectors
parallelto theequatorialplane.Hereandin thefollowing wewill usethesystemof orthogonal
coordinates(x, y, z) of figure7, andwewill referto theplanecontainingthemagneticaxisas
theequatorialplaneandto the(r–z) plane(with r =

%
x2 + y2) as thepoloidalplane.

Thebeamraytrajectories,which in figure7 aredisplayedonbothequatorialandpoloidal
planes,arefromaraytracingcode[15] includingbothwaverefractionandfirstorderdiffraction
effects. However, becauseof the large beamfrequency, refractive effects are negligible.
Furthermore,since2x/k0w

2 ( 1, diffractioneffectsarenegligible aswell, andconsequently
thebeamradiusremainsnearlyconstantandequalto w.
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Figure 8. Instrumentalselectivity function for thescatteringgeometryof figure7 with ε = 0.5,
β = 14◦ and(a) k = 2cm−1, (b) k = 5cm−1, (c) k = 8cm−1.

Sinceθ ( 1, the two scatteringbranchesof figure 5 have similar selectivity functions
with maximanearthepoint(x = 0, y = y0), wherey0 is theinitial y-coordinateof theprobing
beam.For simplicity, wewill consideronly thescatteringbranchcorrespondingto the+ sign
in equation(13). We will alsorefer to thequantityε = (y0 − rma)/(yb − rma) (with yb the
maximumy-coordinateof the plasmaboundaryandrma the radiusof the magneticaxis) as
thenormalizedradiusof thescatteringregion, andwe will consideronly caseswith positive
valuesof ε, i.e.with thescatteringregionon thelow-field sideof thetorus.

Figure8 shows theinstrumentalselectivity functionalongthecentralray of theprobing
beamfor ε = 0.5(y0 = 7.4m) andthreevaluesof k. Asexpectedfromequation(10), thewidth
of F (definedasthedistanceδx of the two pointswhereF = 1/e) is a stronglydecreasing
functionof k.

Thecorrespondingcomponentsof k aredisplayedin figure9, from which it appearsthat
their relative amplitudesdo not dependon thevalueof k. Indeed,this cannotbeexactly true
sincekx = k2/2k0 (equation(2)). However, sincekx ≈ 0 becauseof thelargek0, therelative
valuesof ky andkz areindeedinsensitive to k. Finally, equations(2) and(3) make kz (equal
to zeroat thepeakof F , nearx = 0) to grow towardstheplasmaboundarywhere,however,
F is verysmall.

As shown in [14], thescatteringregion is locatednearthepointwheretheanglebetween
theprobingwave vectorandthemagneticfield hasits minimumvalue(β), with thewidth δx

of F anincreasingfunctionof β. This canbeeasilyunderstoodby notingthat in figure5, β
reachesits minimumvalueof θ/2 nearthemagneticaxis,wherethepoloidalmagneticfield
is zero.Here,thewidth of theinstrumentalselectivity functionis δx ≈ 2rmaα0 = 4rma/k0w,
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Figure 9. (x, y, z)-componentsof thewavevectork of detectedfluctuationsfor thethreecasesin
figure8 (dashedlinesaretheinstrumentalselectivity functions).

which is muchsmallerthanthe valuesshown in figure 8 for β = 14◦ + θ . On the other
hand,we have alreadyseenthat theselectivity functionbecomesvery broadwhenβ = π/2
(figure4).

The strongdependenceof F on β is illustratedin figure 10, showing that the width of
F is a growing function of ε. Becauseof the magneticpitch angleprofile of figure 3, β is
alsoa growing functionof ε (going from 4.3◦ for ε = 0.15 to 18◦ for ε = 0.7). Hence,the
conclusionthatδx is anincreasingfunctionof β.

Anotherway of changingβ is usinga probingbeamthatpropagatesat anobliqueangle
with theequatorialplane,asin figure11 wherethebeamis launchedperpendicularlyto the
y-axis, asbefore,but now makingan angleγ = ±4.5◦ with the x-axis (with ± indicating
up-launchinganddown-launching,respectively). To emphasizetherole of β, the launching
pointshavebeenchosento makethebeamtrajectorysymmetricwith respectto theequatorial
plane.For ε = 0.5, this resultsin β varyingfrom 9.5◦ for γ = −4.5◦ to 18.5◦ for γ = +4.5◦.
Thecorrespondinginstrumentalfunctionsfor k = 2cm−1 arein figure12, showing avalueof
δx for γ = +4.5◦ thatis morethantwice thatfor γ = −4.5◦, againproving thatthewidth of
F is anincreasingfunctionof β. On thecontrary, theF -weightedaveragesof thecomponents
of k (figure13) arenot verydifferentandaresimilar to thosefor γ = 0 (figure9(a)).

So far, we have consideredthe profile of the instrumentalsensitivity function along
the trajectoryof the probing beam. Our resultsare summarizedin figure 14, showing δx

as a function of k for threeradial positions. However, a crucial parameterof fluctuations
measurementsis their radial localization,which canbe inferredfrom the distribution of F

over the poloidal projectionof the probingbeam. More precisely, an estimateof the radial
resolutioncanbe obtainedfrom the radial footprint (δr) of the setof pointswith F > 1/e,
i.e. from δr =

&
(δx/2)2 + y2

0 − y0. This is displayedin figure15, showing thatδr becomes



1758 E Mazzucato

Figure 10. Instrumentalfunctionfor thescatteringgeometryof figure7 with k = 2cm−1 and(a)
ε = 0.15 (β = 4.3◦), (b) ε = 0.5 (β = 14◦), (c) ε = 0.7 (β = 18◦).

Figure 11. As in figure 7(a) with the probingbeammakingan angleof ±4.5◦ with thex-axis.
Initial pointsarechosentomakethebeamtrajectorysymmetricwith respectto theequatorialplane.

quickly much smaller than the beamdiameter(2w) when k > 2cm−1. As notedabove,
becauseof a negligible wave refractionanddiffraction, the beamradiusis nearlyconstant
andremainsmuchsmallerthanany of theplasmascalelengths.Consequently, theresultsof
figure15applytoall raysof theprobingbeam.Hence,theconclusionthattheradialresolution
of scatteringmeasurementsis essentiallydeterminedby thediameterof theprobingbeam.

5. Wave number resolution

The instrumentalselectivity function usedso far wasdefinedin section3 as the collection
efficiency of wavesscatteredby fluctuationswith the samevalueof k. In this section,we
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Figure 12. Instrumentalfunction for k = 2cm−1, ε = 0.5 and(a) γ = −4.5◦ (β = 9.5◦), (b)
γ = 0◦ (β = 14◦), (c) γ = +4.5◦ (β = 18.5◦).

Figure 13. Sameasin figure9for cases(a) [γ = −4.5◦,β = 9.5◦] and(c) [γ = +4.5◦,β = 18.5◦]
of figure12.

generalizethedefinitionof selectivity functionto includefluctuationswith all possiblewave
numbers.Tobemoreprecise,letusconsideragainscatteredwavesoriginatingfromtwopoints
of theprobingbeamwith wavevectorsk1

s andk2
s, respectively. Fromequation(5), weget

k1
s · k2

s

k0 · k0
≡ cosα = cosθ1 cosθ2 + sin θ1 sin θ2 (cosϕ1 cosϕ2 + sin ϕ1 sin ϕ2) , (15)
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Figure 14. Width δx asa functionof k alongthecentralray of a probingbeamwith γ = 0◦ and
(a) ε = 0.15,(b) ε = 0.50, (c) ε = 0.70.

Figure 15. Radialfootprintδr of theportionof centralraywith F > 1/e for thecasesof figure14.
Dashedline representsthebeamdiameter(2w).

whereθ1 andθ2 arethecorrespondingscatteringangles.Fromthis,weobtain

cosα = cos(θ2 − θ1) − 2sin θ1 sin θ2 sin2(δϕ/2), (16)

whereδϕ = ϕ2 − ϕ1. Sincebothθ1 andθ2 areverysmall,thisbecomes

α2 ≈ (θ2 − θ1)
2 + 4θ2θ1 sin2(δϕ/2). (17)

Themismatchanglebetweenk1
s andk2

s is madeof two terms. Thefirst, asexpected,is due
to thedifferencein scatteringangles.Thesecond,asbefore,is dueto thespatialvariationof
magneticpitchangles.

Following thesameprocedurethat led to equation(10), we obtaina new expressionfor
theinstrumentalselectivity function

G = exp
#
−

!
(k′ − k)2 + 4k′k sin2(δϕ/2)

"
/%2$

, (18)
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Figure 16. Contourplots (nine levels equallyspacedfrom 0.1 to 0.9) of G(k′, x) for the three
casesof figure8.

Figure 17. Contourplots(ninelevelsequallyspacedfrom 0.1to 0.9)of G(k′, x) for thescattering
geometryof figure7 with ε = 0.5, w = 6cm andk = 1 − 9cm−1 (from bottomto top).

wherek ≈ k0θ1 is thetuningwave numberof thereceiver andk′ ≈ k0θ2 is thewave number
of detectedfluctuations.For k′ = k, we recover equation(10).

Contourplots of G(k′, x) aredisplayedin figure 16 for the samecasesin figure 8. A
comparisonwith the lattershows that themaximumwidth of G alongthebeamtrajectoryis
similarto thatof F . It alsoshows,asexpected,thatthewavenumberresolutionremains≈±%.

Finally, theuseof Gaussianbeams—acrucialassumptionin thescatteringschemeof this
paper—implies the availability of circular portswith substantiallylarger radii (rw) thanw.
Assumingthe conservative criterion of rw ≈ 2w, the valueof w usedso far (3cm) would
requireports that aremuchsmallerthanthe sizeof ITER. Hence,we could envision using
largerbeamsto obtaina substantialimprovementin wave numberresolution,asin figure17
wherethecontourplotsof G(k′, x) aredisplayedfor w = 6cm.
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Figure 18. Width δx asa functionof k for γ = 0◦ andε = 0.5; (a) ITER, (b) IGNITOR.

6. Discussion

Throughoutthis paper, we have usedan ITER-like plasmafor deriving thepropertiesof the
proposedscatteringscheme.However, sincetheinstrumentalsensitivity functiondependsonly
on thewave numberof fluctuations,the radiusandlaunchingdirectionof theprobingbeam
andthepitchangleof magneticfield lines,thisscatteringschemewill becapableof providing
the samedegreeof spatialresolutionin similar tokamaks. In otherwords, the ratio of δx

to any of theplasmalineardimensionswill bethesamein tokamakshaving identicalaspect
ratio, elongation,triangularityandmagneticsafetyfactor. Indeed,sincethesequantitiescan
vary only over a very narrow rangeof parameters,we may concludethat the advantages
of the proposedschemeapply, mutatismutandis,to any tokamak. This is demonstrated
in figure 18, where the instrumentalfunction for an IGNITOR-like plasma(major/minor
radii = 1.32/0.47m, toroidal magneticfield = 13T, plasmacurrent = 12MA [1]) is
comparedwith thatfor ITER, showing anITER/IGNITORratioof 4.4for δx, vis-à-visoneof
4.25for theminor radii and4.7 for themajorradii (smalldiscrepancy dueto differentaspect
ratios,3.1versus2.8).

Asstatedin theintroduction,thebenefitsof CO2 lasersstemfromtheirhighfrequency and
highpowersingle-modeoperation.However, sincetheinstrumentalselectivity functionfor a
given valueof k (equations(10) and(18)) doesnot dependon the frequency of theprobing
beam,the useof lower frequencieswould preserve the localizationpropertiesof scattering
measurements.As a matterof fact,a scatteringapparatusbasedon theschemedescribedin
this paperandemploying a backward wave oscillatorwith a frequency of 2.8 × 1011 Hz is
currentlyin useon NSTX for localizedmeasurementsof turbulentfluctuationsdriven by the
ETG mode[16]. Obviously, the useof sucha low probingfrequency in a burning plasma
experimentwould defeatthe spirit of this papersinceboth refractive anddiffractive effects
would becomeimportant. However, onecould considerusingother typesof lasers,as for
examplethoseoperatingin therangeof 3 × 1012 Hz (CH3OH lasers).

Finally, it is worth noting that for the caseof an ITER-like plasmathe length of the
scatteringregionalongtheprobingbeam(δx) will bemuchlongerthanin pastCO2 scattering
measurements[4, 7]. Consequently, sincethe power of scatteredwaves varieslike δx2, we
concludethattheuseof theproposedschemein anITER-likeplasmawill allow thedetection
of smallerfluctuationlevelsthanin previousCO2 scatteringmeasurements.
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7. Conclusion

In summary, the resultspresentedin this paperillustratehow theshort-scaleturbulencethat
plasmatheoryindicatesasa potentialcauseof anomaloustransportin thenext generationof
burningplasmaexperimentscouldbedetectedwith goodspatialandwavenumberresolution
usingcoherentscatteringof CO2 lasers.

Theuniquefeatureof theproposedschemeis theobliquepropagationof theprobingwave
with respectto the magneticfield, with the toroidal curvatureof field lines playing a major
role in improving the spatial resolutionof measuredsignals. Furthermore,this scattering
geometryhastheadditionaladvantageof reducingthefootprintof thescatteringregion in the
plasmaradialdirection.Finally, smallscatteringanglesandnegligible waverefractioneffects
minimizethesizeof neededports—amatterof vital importancefor a plasmadiagnosticthat
mustoperatein thehostileenvironmentof aburningplasma.
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