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Abstract

In this paper we discussthe use of coherentscatteringof CO, lasersfor

high resolutionmeasurementsf short-scaléurbulentfluctuationsin the next

generatiorof tokamakburning plasmaexperiments The uniquefeatureof the

proposedschemas the oblique propagatiorof the probingbeamwith respect
to the magnetidield, with thetoroidal curvatureof field lines playinga major
role in improving the spatialresolutionof measuredignals.In addition,small

scatteringanglesand nggligible wave refractioneffects minimize the size of

neededports—amatterof vital importancefor a plasmadiagnosticthat must
operatdn the hostileenvironmentof a burningplasma.

1. Introduction

The directimpactof plasmaconfinemenbn the feasibility of an economicafusion reactor
males the investigationof plasmatransportone of the mostimportanttasksfor the next
generatiorof DT burning plasmaexperiments—suclasIGNITOR andITER [1, 2—where
for thefirst time the kinetic enegy of chagedfusion productswill be the dominantsource
of plasmaheating. Consequentlysince both theory and experimentssuggestthat plasma
transportin tokamaksexceedsneoclassicalaluesbecausef the existenceof a short-scale
turbulence3,4], thestudyof thelatterwill beof paramounimportanceor theseexperiments.

Themaindifficulty in choosinga methodfor themeasuremenudf turbulentfluctuationss
the scarcityand limitations of available diagnostics. For example,the methodof coherent
wave scattering, that was so prominentin early fluctuation studies[5-9], has a poor
spatial resolution—ery often larger than the plasmaminor radius. The methodof beam
emissionspectroscop [10] is sensitie only to relatively large-scalefluctuations,and the
negative ion beamsrequiredfor accessindghe main core of a burning plasmaarestill under
development.Lik ewise,microwvave reflectometrycandetectonly large-scaldluctuationsand
the interpretationof signalsfrom the outer plasmaregion—whereturbulent fluctuationsare
very large—isextremelydifficult [11, 12].
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Meeting the requirementof plasmadiagnosticawill be extremely difficult in the next
generatiorof burningplasmaexperimentswhereplasmaaccessibilitywill requirepenetration
of notonly toroidalmagnetsandvacuumvesselsasin presenexperimentsput alsoof thick
insulatinglayersandradiationshields.Inevitably, only themostsimpleandreliablediagnostics
will survivein suchahostileervironment.

Ideally, whatis neededs a methodcapableof detectingall typesof short-scaldurbulent
fluctuationswithout the needfor large ports. This is a dauntingtask given the variety of
fluctuationsin tokamakplasmas—fronthe ion temperaturegradientmode (ITG) and the
trappedelectronmode (TEM), both with the scaleof the ion Larmorradius,to the electron
temperaturgyradient(ETG) modewith the scaleof the electronLarmorradius[3,4]. As an
example,in ITER [2] with anaverageplasmatemperaturef 10keV anda magneticfield of
5.3T, thewave numberof possibléfluctuationsvariesfrom 1-2cm? for theITG/TEM modes
to 50—100cm™* for theETG mode. In IGNITOR[1], becausef its highmagnetidield (13T),
we expectshorterfluctuationsby a factorof ~2.5.

In this paper we discussthe possibility of emplgying coherentscatteringof CO, lasers
for localizedmeasurementsf turbulentfluctuationsn atokamakburning plasmaexperiment.
This is motivatedby someimportantadwantagesof this technique,suchasthe availability
of high power single-modedasers,negligible wave refractioneffects and relatively modest
requirementgor the sizeof neededorts.

2. Coherent scattering of electromagnetic waves

Coherenscatteringf electromagnetiwavesisapowerful techniquecapableof providing the
spectrapower of turbulentdensityfluctuations.It was employed extensiely in early studies
of plasmaurhulence ncludingthefirst detectiorof short-scaleéurbulencein tokamakg5, 6].

The processof coherentscatteringof electromagnetiovaves by turbulent density
fluctuationscanbe characterizedby the differentialcrosssection

o = (€?/mc?)?S (K, w), 1)

whereS(k, w) is the spectraldensityof plasmadensityfluctuations[13]. Thefrequeny (w)
andwave vector(K) of fluctuationsmustsatisfythe enegy andmomentumconseration,i.e.
o = ws— wg andk = ks — ko, wheresuperscripts and0 referto scattere@ndincidentwaves,
respectiely. Sincefor thetopic of thispaperws ~ wg andks ~ kg, thescatteringangled must
satisfythe Braggcondition

k = 2koSin(9/2). 3]

Theinstrumentakesolutionof scatteringneasurements limited by the sizeof probingand
scatteredbeams,that in this paperwe will assumehaving a Gaussianamplitude profile
A(ry) = exp(—r?/w?), with r, a radial coordinateperpendicularto the direction of
propagatiorandw the beamradius. The wave numberresolutionof measuredluctuations,
then,depend®n the beamspectrumG (k) = exp(—/cf/Az), whereA = 2/w andk, isthe
wave numbercomponenperpendiculato thedirectionof propagation.For example,we get
A ~ 0.7cm™! for w = 3cm, whichis satishctorywhencomparedvith the wave numberof
expectediuctuations.However, if wetakethesizeof thecommorregionbetweertheprobing
andthe scatterecheamas a measureof spatialresolution(s/), we getsl ~ 2kow/k, from
which one might concludethatit is difficult to performlocalizedmeasurementsf plasma
turbulencewith coherentscatteringof electromagnetiavaves. Fortunately this estimateis
valid only for anisotropicturbulence whichis notthe casein tokamakplasmasvhereshort-
scalefluctuationssatisfytherelationk-B/B ~ 1/q R [3,4] (with ¢ the magneticsafetyfactor
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Figure 1. Magneticfield (B; and B, andfluctuationwave vector (k; andkz) at two points of
aprobingbeam(ko) propagatingoerpendicularlyto the magneticsurfaces. Scatteringanglesare
equal(i.e. k1 = k2) andsmall(i.e. ky andky arenearlyperpendiculato ko).

andR theplasmamajorradius).For all practicalpurposesthis canbewritten as
k-B=0. 3)

In this paperwe will imposethis constrainton therangeof possiblefluctuationsj.e. we will
assumehe wave vectorof plasmafluctuationsto be perpendiculato the magneticfield. In
thiscasethen,thespatialvariationof themagnetidield directioncanmodify theinstrumental
selectvity functionby detuningthe scatteringecever [9, 14]. This canbeeasilyunderstood
whenthe probing wave propagateperpendicularlyto the magneticsurfacesand scattering
anglesare small (figure 1). From the beamspectrumG (x, ), we can readily obtain the
instrumentakelectvity function[9]

F(r) = exp[—(2k sin(&(r)/2)/ A)2], 4

whereé (r) is the changean pitch anglesof magnetidield lines startingfrom the pointwhere
scatteredwaves are detectedwith maximum efficiengy, i.e. from the aiming point of the
receving antenna.

Fromequation(4), we obtainthe spatialresolutions! ~ 2A / k(d¢ /dr), where(d& /dr) is
theaveragederivative of themagnetigitch angleinsidethescatteringegion. Comparedvith
the above estimate equation(4) doesnot dependon the wave numberof the probingwave.
Thisis veryadwantageou$or scatteringof far infraredwaves,sinceequation(4) givesaspatial
resolutionthatis substantiallysmallerthanthe dimensionof the commonregion betweerthe
probingandscatterebeams.Unfortunately very oftenthisis not satishctorybecausef the
small value of d¢/dr in tokamaks,asin the caseof the magneticconfigurationof figure 2
with the magneticpitch angledistribution of figure 3. In this case,we getthe instrumental
selectvity function of figure 4 for fluctuationswith a wave numberof 2cm~! anda probing
beam(w = 3) propagatingon the tokamakmid-planeperpendiculariyto the magneticfield.
In spiteof the factthat sucha scatteringgeometry—indeedery impracticalanddifficult to
implement—maximizeshe benefitsof magneticsheay the instrumentakelectvity function
in figure4 is very broadandwould thereforeresultin poorly localizedmeasurements.

In this paper we will considerthe generalcaseof a probing beampropagatingat an
arbitraryanglewith the magneticfield [14]. Thisis motivatedby thefactthatthe conditions
for coherenscatteringpecomestronglydependenon thetoroidal curvatureof magnetidield
lineswhentheprobingbeamformsasmallanglewith themagnetidield. Thisis schematically
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Figure 2. Poloidalcrosssectionof anITER-like tokamakusedthroughouthe paperfor derving
the propertiesof the proposedscatteringscheme.
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Figure 3. Pitchangleof magnetidield linesonthe equatorialplaneof thetokamakconfiguration
of figure2.

illustratedin figure 5, shaving a casewherethe probingbeamis on the tokamakmid-plane.
For agivenfluctuatiorwave numberthewave vectorof thescatteredvave (ks) is parallelto the
mid-planeonly if thewaveis scatteredtoneof thetwo points P, and P, (toroidally separated
by anangleequalto thescatteringangle) wherethefluctuationwave vector(k) isintheplasma
radialdirection. At all the otherprobinglocations then,equationg2) and(3) imposeon the
scatteredvave to propagatatanobliqueanglewith themid-plane.lt is thisphenomenothat
we will exploit for localizingthe scatteringegion. As we shallseein the following, its size
dependon the spatialdistribution of magneticpitch anglesand may becomevery smallin
standardokamakplasmag14]. Furthermorewe will find thatthis scatteringschemeéhasthe
additionaladvantageof minimizing theradialresolutionof fluctuationmeasurementsg. the
footprint of the scatteringegionin theradialplasmadirection.
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Figure 4. Instrumentaselectiity functionsfor detectiorof fluctuationswith k = 2cm~1 atseveral
radial locations. The probingbeamhasa radiusof 3cm andpropagate®n the equatorialplane
perpendicularlyto the magnetidield.
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Figure 5. Scatteringgeometrywith the probing beam(kp) on the tokamakmid-plane. For a
given fluctuationwave number(k), equationg2) and(3) aresatisfiedonly at P; and P, (toroidally
separatetby the scatteringanglet.

3. Instrumental selectivity function

Throughoutthis paper we will assesshelocalizationpropertiesof scatteringmeasurements
with an instrumentalselectvity function—asdefinedby the collection efficiency of the
recevingantenna—whickwasderivedin[14]. For thesaleof clarityandreaderscorvenience,
herewe summarizets derivation.

In the systemof orthogonalcoordinategu, v, t) with the¢-axis parallelto ko, we define
thepolarangleg with

ks, = koSin 6 cos @, ksy = ko Sin 6 sin ¢, « = ko COSH. (5)

Let us now considerscatteredvaves originating from two pointsof the probingbeamwith
identicalscatteringanglesbut differentwave vectorski and kg, respectiely (figure6). From
equation(5), we get

k! K2

—S_S = cosa = €0S?0 +Sir? 6 cosdy, (6)
Ko - ko
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Figure 6. Orthogonalcoordinategu, v, t) with the 7-axis alongthe wave vector of the probing
beam(ko).

wheredy = ¢, — ¢1, giving

cosa = 1 — sir? 6(1 — cosdyp) = 1 — 2sinf(8¢/2) sir? 6. (7)
For 62 « 1 (alwayssatisfiedn this paper) thisbecomes
o ~ 492 sirt (8¢ /2). (8)

Suppose,then, that the launching and receving antennaehave similar electromagnetic
properties,i.e. identical radiation patterns,with the latter positionedfor collection with
maximumefficiencgy of scatteredvaves from the first point. By replacingx, with koo in
the spectrumG («, ), we obtainthe collectionefficiencgy of scatteredvaves from the second
region

! n
F =exp —az/oeg , 9)
whereay = A/ko. This, togetherwith equation(8) and the Bragg condition, gives the
instrumentakelectvity function

F = exp[—(2k sin(3¢/2)/ A)?], (10)
wherek ~ kof is the wave numberof detectedluctuations. In the caseof a probingbeam
propagatingperpendicularlyto the magneticsurfaces,¢ coincideswith the magneticpitch

angle(apartfrom anadditive constantiandequation(10) is equalto equation(4).
Finally, thepolaranglep canbe obtainedfrom equation(3), rewritten as

(ks — ko) -B =0, (11)
from whichwe get
B;(cost — 1) + B, sinf cosg + B,sinfsing =0, (12)
giving
# oo 2 2! o 2 2 o "$1/2
cose — BuBr(1—coso) £ BIBX(1—cos6)?— Bf BA(1—coso)? - Bf sir? 6
(p =

B?sing
(13)
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Figure 7. Poloidal(a) andtoroidal(b) trajectorieof aCO, Gaussiatheam(w = 3cm)propagating
ontheequatoriablaneof thetokamakof figure 2 with a peakplasmadensityof 1 x 10?°m3,

and
B,(1—cos6) — B, sin 6 cosg
B, sin 6 ’

sing = (14)
where B2 = B2 + B2 andwith the & sign correspondingo the two scatteringorancheof
figure5.

In thenext sectiontheseequationsvill beusedfor assessinthedegreeof localizationof
CO;, laserscatteringmeasurements the next generationof burning plasmaexperiments.
As a test-bedwe will use the tokamak configurationof figure 2 with the official ITER
parameter§2]: plasmamajorradius= 6.2m, plasmaminorradius= 2m, toroidalmagnetic
field onaxis= 5.3T andplasmacurrent= 15MA.

4. CO; laser scattering

We beggin with the scatteringgeometryof figure 7, wherea probingbeamwith a frequeng
of 3 x 10**Hz andawaist(w) of 3cm propagatesn the tokamakequatoriaplanealongthe
x-axis,andthescatteringecever is setfor themeasuremerdf fluctuationswith wave vectors
parallelto theequatoriaplane.Hereandin thefollowing wewill usethesystenof orthogonal
coordinategx, y, z) of figure7, andwe will referto thg planecontainingthe magneticaxisas
theequatoriaplaneandto the (r—) plane(with »r = x2 + y2) as thepoloidalplane.
Thebeamraytrajectorieswhichin figure 7 aredisplayedon bothequatoriandpoloidal
planesarefromaraytracingcode[15] includingbothwaverefractionandfirst orderdiffraction
effects. However, becauseof the large beamfrequeng, refractve effects are negligible.
Furthermoresince2x / kow? < 1, diffractioneffectsarenegligible aswell, andconsequently
thebeamradiusremainsnearlyconstantaindequalto w.
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Figure 8. Instrumentakelectvity functionfor the scatteringgeometryof figure 7 with ¢ = 0.5,
B =14 and(a) k = 2cm™1, () k =5cm™1, (c) k = 8em™ L.

Sincef « 1, thetwo scatteringorancheof figure 5 have similar selectvity functions
with maximanearthepoint(x = 0, y = yg), whereyy istheinitial y-coordinateof theprobing
beam.For simplicity, we will consideronly thescatteringoranchcorrespondingo the + sign
in equation(13). We will alsoreferto the quantitye = (yo — rma)/ (b — rma) (With y, the
maximum y-coordinateof the plasmaboundaryandrn,, the radiusof the magneticaxis) as
the normalizedradiusof the scatteringegion, andwe will consideronly caseswith positive
valuesof ¢, i.e. with the scatteringegion on thelow-field sideof thetorus.

Figure8 shavs theinstrumentakelectvity functionalongthe centralray of the probing
beantor ¢ = 0.5(yp = 7.4 m) andthreevaluesof k. Asexpectedrom equation(10), thewidth
of F (definedasthe distancesx of thetwo pointswhere F = 1/¢) is a stronglydecreasing
functionof k.

Thecorrespondingomponent®f k aredisplayedn figure 9, from which it appearsghat
their relative amplitudesdo not dependcon the valueof k. Indeed this cannotbe exactly true
sincek, = k?/2kq (equation(2)). However, sincek, ~ 0 becaus®f thelarge ko, therelative
valuesof k, andk, areindeedinsensitve to k. Finally, equationg2) and(3) make k, (equal
to zeroatthe peakof F, nearx = 0) to grow towardsthe plasmaboundarywhere,howvever,
F isverysmall.

As shavn in [14], thescatteringegionis locatednearthe point wherethe anglebetween
the probingwave vectorandthe magnetidield hasits minimumvalue(8), with thewidth sx
of F anincreasingunctionof 8. This canbe easilyunderstoody notingthatin figure5, g
reachests minimumvalue of 6/2 nearthe magneticaxis, wherethe poloidal magneticfield
is zero. Here,thewidth of theinstrumentabkelectvity functionis §x ~ 2rmaao = 4rma/ kow,
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Figure 9. (x, y, z)-component®f thewave vectork of detectedluctuationsfor thethreecasesn
figure 8 (dashedinesaretheinstrumentakelectvity functions).

which is much smallerthanthe valuesshavn in figure 8 for § = 14° > 6. On the other
hand,we have alreadyseenthatthe selectvity functionbecomewery broadwheng = 7 /2
(figure4).

The strongdependencef F on g is illustratedin figure 10, shaving that the width of
F is a growing function of £. Becauseof the magneticpitch angleprofile of figure 3, 8 is
alsoa growing functionof ¢ (goingfrom 4.3 for ¢ = 0.15t0 18 for ¢ = 0.7). Hence,the
conclusionthatsx is anincreasingunctionof 8.

Anotherway of changingg is usinga probingbeamthat propagatesit anobliqueangle
with the equatorialplane,asin figure 11 wherethe beamis launchedperpendicularlyto the
y-axis, asbefore,but now makinganangley = +4.5° with the x-axis (with + indicating
up-launchinganddown-launching respectiely). To emphasizeherole of 8, the launching
pointshave beenchoserto make the beamtrajectorysymmetricwith respecto theequatorial
plane.For ¢ = 0.5, thisresultsin 8 varyingfrom 9.5° for y = —4.5°t018.5 for y = +4.5°.
Thecorrespondingnstrumentafunctionsfor k = 2cm= arein figure 12, shaving avalueof
3x for y = +4.5° thatis morethantwice thatfor y = —4.5°, againproving thatthewidth of
F isanincreasindunctionof 8. On thecontrary the F-weightedaverage®f thecomponents
of k (figure 13) arenotvery differentandaresimilar to thosefor y = 0 (figure 9(a)).

So far, we have considerecdthe profile of the instrumentalsensitvity function along
the trajectoryof the probing beam. Our resultsare summarizedn figure 14, shaving §x
asa function of k for threeradial positions. However, a crucial parameterof fluctuations
measurementis their radial localization,which can be inferred from the distribution of F
over the poloidal projectionof the probingbeam. More precisely an estimateof the radial
resolutioncan e obtainedfrom the radial footprint (5) of the setof pointswith F > 1/e,

i.e.fromdr = (8x/2)2+ yZ — yo. Thisis displayedn figure 15, shaving thatsr becomes
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Figure 10. Instrumentafunctionfor the scatteringgeometryof figure 7 with k = 2cm~1 and(a)
e=015(8=43),(b) e =05(8 = 14),(c) e = 0.7 (8 = 18°).
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Figure 11. As in figure 7(a) with the probingbeammakingan angleof +4.5° with the x-axis.
Initial pointsarechoserto makethebeamtrajectorysymmetriowith respecto theequatoriaplane.

quickly much smallerthan the beamdiameter(2w) whenk > 2cm~t. As notedabove,
becausef a negligible wave refractionand diffraction, the beamradiusis nearly constant
andremainsmuchsmallerthanary of the plasmascalelengths. Consequentlythe resultsof
figure15applyto all raysof theprobingbeam.Hence theconclusiorthattheradialresolution
of scatteringneasurements essentiallydeterminedy the diameterof the probingbeam.

5. Wave number resolution

The instrumentalselectvity function usedso far was definedin section3 asthe collection
efficiency of waves scatteredoy fluctuationswith the samevalue of k. In this section,we



Detectionof short-scald@urbulence

1759

1

x [m]

Figure 12. Instrumentafunctionfor k = 2cm™, ¢ = 0.5and(a) y = —4.5° (8 = 9.5°), (b)

y =0 (B =14),(c) y = +45° (B = 185°).
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Figure 13. Sameasin figure9for casega) [y = —4.5°, 8 = 9.5°]and(c) [y = +4.5°, 8 = 185°]

of figure12.

generalizehe definition of selectvity functionto includefluctuationswith all possiblewave
numbers.To bemorepreciselet usconsideagainscatteredvaves originatingfrom two points
of the probingbeamwith wave vectorské and kg, respectiely. Fromequation(5), we get

kL K2

k—ks = COSa = C0SH; COSH, + Sin O1 Sin B, (COS 1 COS @ + SiN @1 SiN ¢y) (15)
0 * RO
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Figure 14. Width §x asafunctionof k£ alongthe centralray of a probingbeamwith y = 0° and
(@) e = 0.15,(b) ¢ = 0.50, (c) ¢ = 0.70.
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Figure 15. Radialfootprintér of theportionof centralraywith F > 1/e for thecase®f figure14.
Dashedine representshe beamdiameter(2w).

wheref; andé, arethe correspondingcatteringangles.Fromthis, we obtain

CoSa = COS(6, — 61) — 25sin 61 Sin B, SiF (8¢ /2), (16)
wheresy = ¢, — ¢1. Sincebothf; andé, arevery small,this becomes

a? & (B2 — 61) + 46,6, SIrP(8,,/2). (17)

The mismatchanglebetweerk! andk? is madeof two terms. Thefirst, asexpected,is due
to thedifferencein scatteringangles.The secondasbefore,is dueto the spatialvariationof
magnetigpitch angles.

Following the sameprocedurehatled to equation(10), we obtaina new expressiorfor
theinstrumentakelectvity function

# 1
G=exp — (K —k?+4k'ksin’s,/2) /A2$, (18)
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Figure 16. Contourplots (nine levels equally spacedrom 0.1 to 0.9) of G(k’, x) for the three

casef figure8.
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Figure 17. Contourplots(ninelevelsequallyspacedrom 0.1t0 0.9) of G (k’, x) for thescattering
geometryof figure 7 with ¢ = 0.5, w = 6cm andk = 1 — 9cm~1 (from bottomto top).

wherek ~ ko6, is thetuningwave numberof therecever andk’ ~ ko, is the wave number
of detectedluctuations.For k' = k, we recover equation(10).

Contourplots of G(k’, x) aredisplayedin figure 16 for the samecasesn figure 8. A
comparisorwith the latter shawvs thatthe maximumwidth of G alongthe beamtrajectoryis
similartothatof F. It alsoshavs,asexpectedthatthewave numberesolutiorremainsc+A.

Finally, theuseof Gaussialtbeams—arucialassumptionn thescatteringschemeof this
paper—implies the availability of circular portswith substantialliarger radii (r,,) thanw.
Assumingthe conserative criterion of r,, ~ 2w, the value of w usedso far (3cm) would
requireportsthat are much smallerthanthe size of ITER. Hence,we could ervision using
larger beamsto obtaina substantialmprovementin wave numberresolution,asin figure 17
wherethe contourplotsof G (k/, x) aredisplayedfor w = 6cm.
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Figure 18. Width §x asafunctionof k for y = 0° ande = 0.5; (a) ITER, (b) IGNITOR.

6. Discussion

Throughouthis paper we have usedan ITER-like plasmafor deriving the propertiesof the
proposedcatteringsgcheme However, sincetheinstrumentatensitvity functiondependsnly
on the wave numberof fluctuations the radiusandlaunchingdirectionof the probingbeam
andthe pitchangleof magnetidield lines, this scatteringschemewill becapableof providing
the samedegreeof spatialresolutionin similar tokamaks. In otherwords, the ratio of §x
to ary of the plasmalinear dimensionswill bethe samein tokamakshaving identicalaspect
ratio, elongation triangularityand magneticsafetyfactor Indeed,sincethesequantitiescan
vary only over a very narrav rangeof parametersye may concludethat the advantages
of the proposedschemeapply, mutatis mutandis,to ary 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
comparedvith thatfor ITER, shaving anITER/IGNITOR ratio of 4.4for 8, vis-a-visoneof
4.25for theminor radii and4.7 for the majorradii (smalldiscrepang dueto differentaspect
ratios,3.1versus2.8).

As statedn theintroduction thebenefitof CO, laserstemfrom theirhighfrequeng and
high power single-modeperation.However, sincetheinstrumentakelectvity functionfor a
given valueof k£ (equationg10) and(18)) doesnot dependon the frequeng of the probing
beam,the useof lower frequenciesvould presere the localizationpropertiesof scattering
measurementsiAs a matterof fact, a scatteringapparatuvasedon the schemedescribedn
this paperand employing a backward wave oscillatorwith a frequeng of 2.8 x 101t Hz is
currentlyin useon NSTX for localizedmeasurementsf turbulentfluctuationsdriven by the
ETG mode[16]. Obviously, the useof sucha low probingfrequeng in a burning plasma
experimentwould defeatthe spirit of this papersinceboth refractive anddiffractive effects
would becomeimportant. However, one could considerusing othertypesof lasers,as for
examplethoseoperatingn therangeof 3 x 102 Hz (CHz;OH lasers).

Finally, it is worth noting that for the caseof an ITER-like plasmathe length of the
scatteringegion alongthe probingbeam(sx) will bemuchlongerthanin pastCO, scattering
measurementt, 7]. Consequentlysincethe power of scatteredvaves varieslike §x?, we
concludethatthe useof the proposedschemeén anITER-like plasmawill allow thedetection
of smallerfluctuationlevelsthanin previous CO, scatteringneasurements.



Detectionof short-scald@urbulence 1763

7. Conclusion

In summarythe resultspresentedn this paperillustrate how the short-scaldurbulencethat
plasmatheoryindicatesasa potentialcauseof anomalougransportin the next generatiorof
burning plasmaexperimentscould be detectedvith goodspatialandwave numberresolution
usingcoherenscatteringof CO, lasers.

Theuniguefeatureof theproposedchemas theobliquepropagatiorof theprobingwave
with respecto the magneticfield, with the toroidal curvatureof field lines playing a major
role in improving the spatialresolutionof measuredsignals. Furthermore this scattering
geometryhasthe additionaladvantageof reducingthefootprint of the scatteringegionin the
plasmaradialdirection. Finally, smallscatteringanglesandnegligible wave refractioneffects
minimize the sizeof needecports—amatterof vital importancefor a plasmadiagnosticthat
mustoperaten the hostileervironmentof a burning plasma.
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