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Localized measurement of turbulent fluctuations in tokamaks
with coherent scattering of electromagnetic waves
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Localized measurements of short-scale turbulent fluctuations in tokamaks are still an outstanding
problem. In this paper, the method of coherent scattering of electromagnetic waves for the detection
of density fluctuations is revisited. Results indicate that the proper choice of frequency, size and
launching of the probing wave can transform this method into an excellent technique for
high-resolution measurements of those fluctuations that plasma theory indicates as the potential
cause of anomalous transport in tokamaks. The best spatial resolution can be achieved when the
range of scattering angles corresponding to the spectrum of fluctuations under investigation is small.
This favors the use of high frequency probing waves, such as those of far infrared lasers. The
application to existing large tokamaks is discussed. 2@)3 American Institute of Physics.
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I. INTRODUCTION theory of wave scattering, we will discuss how to optimize
this technique for performing high-resolution measurements
Understanding the mechanism of anomalous transport inf those fluctuations that plasma theory indicates as the po-
tokamaks is one of the great challenges of fusion researclential cause of anomalous transport in tokamaks.
Indeed, since many explanations of this phenomenon are

based on some type of turbulericeunderstanding anoma- || COHERENT SCATTERING OF EM WAVES

lous transport is tantamount to understanding plasma turbu- ) ) ]
lence. Coherent scattering of electromagnetic waves is a pow-

The main difficulty in drawing any firm conclusion from erful technique, capable of providing a direct measure of the

fluctuation measurements is their scarcity and limitationsSPectral power density of turbulent fluctuations. It was em-

For example, wave scattering measurements, that were ployed extensively in early studies of plasma turbulence, in-
prominent in early fluctuation studiés’ have a poor spatial cluding the first detection of short-scale density fluctuations
’ in tokamaks>*

resolution—very often larger than the plasma minor radius. h i is ch ed by the diff il
The method of beam emission spectrosComyuires a per- € scgttermg Processis c aractenzez yt 2e al erentia
ross sectiono=oyS(k,»), where oo=(e’/mc?)? is the

turbing neutral beam, has serious difficulties in detectin h i K is th iral density of
plasma fluctuations in the central region of large tokamaks, OMSOn CToss sec |on_ar$13 ;o) is the spectral density o
plasma density fluctuations. The frequenesyand the wave

and is sensitive only to relatively large-scale fluctuations. X
: . . . vector k must satisfy the energy and momentum conserva-
The interpretation of microwave reflectometry is extremely :

i H — S i — S| H
difficult, and it cannot be done unambiguou$k.The inevi- t|on,.|.e.,w @~ o' andk=k*-k, whe_re .the Superscripss
O . o andi refer to the scattered and the incident wave, respec-

table conclusion is that we must improve the capability of . : : s s i

: : . . tively. Since for the topic of this note®~ ' andk®>~k', the
diagnostic tools for advancing our understanding of plasmaCatterin angle must satisfy the Bragg equation
turbulence. Ideally, what is needed is a method capable of g. 9 99 €4 '
detecting all types of short-scale fluctuations. Indeed thisis a k=2k'sin(6/2). (1)
daunting task given the variety of fluctuations in tokamak
plasmas—from the ion temperature gradi@mts) mode and
the trapped electron mod@EM) with the scale of the ion

Larmor radius, to the electron temperature gradi€&tG) rofile A(rL)zexp(—rf/wz), wherer , is a radial coordi-

mode with the scale of the Larmor radius of electrons. As a’ﬁate perpendicular to the direction of propagation and

example, for the typical plasma conditions of the TOk";“n‘"‘kthe beam radius. The wave number resolution of measured
Fusion Test Reactdr’ the wave number of possible fluctua- fluctuations depends on the beam spectru@(«,)

gﬁ:ﬁ ?grutlﬁevg%gr%gdle_z et for the ITG mode, to~50 =exp(— .Kf/Az), Wher(e_AngN andk, is thg wave number
: g L perpendicular to the direction of propagation. For example,

In this paper, we will revisit the method of coherent getA=0.5 cmt for w=4 cm, which is an adequate
scattering of electromagnetic waves for the detection ofggqjution when compared to the wave number of expected

plasma density fluctuations. After a brief review of the qctations. However, if we take the linear dimension of the
common region between the probing and the scattered beam
dElectronic mail: mazzucato@pppl.gov as a measure of the spatial resolution, we conclude that it is

The instrumental resolution of scattering measurements
is limited by the size of the probing and scattered beams, that
in this paper we will assume having a Gaussian amplitude
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FIG. 1. Magnetic field B, andB,) and wave vectorsk; andk,) of de-
tected fluctuations at two locations of a probing beam propagating perpen- u
dicular to the magnetic surfaces. Scattering angles are égealk;~k,)

and small(i.e., k; andk, are nearly perpendicular 1d).
FIG. 3. System of orthogonal coordinates,,t) used for deriving the

scattering conditions. The-axis is parallel to the tokamak equatorial plane

- . . and thet-axis is parallel to wave vectdt'.
very difficult to perform spatially resolved fluctuation mea- XS 1S P wave v

surements in tokamaks using coherent scattering of electro-

magnetic waves. As an example, for a probing wavelength of¢a ooy since most of the turbulent activity in large toka-
~1 mm and a beam radius of 4 cm, the spatial resolution, s occurs at much lower wave numbers. However, such
or~2k'w/k=50 cm fork=10 cm *, which is clearly unsat- 5 egtimate of spatial resolution does not take into account
the spatial variation of magnetic field lines. Indeed, since for
the short-scale density fluctuations of tokamdkB<kB,

ie.,

k-B~0, (2

a change in direction of the magnetic field can modify the
instrumental selectivity function by detuning the scattering
receiver. This can be easily understood when the probing
wave propagates perpendicular to the magnetic surfaces and
the scattering angle is smalFig. 1). From the Gaussian
spectrumG(«, ) of the previous paragraph one can readily
obtain the instrumental selectivity function of the receiving

s antennd,
0 c L I L I 1 I 1 I 1 I 1 I L I L I L I L

28 30 32 34 36 38 F(r)=exd — (2k sin(¢(r)/2)/A)?], @)
where &(r) is the change in pitch angle of magnetic field
lines starting from the beam location where scattered waves
are detected with the maximum efficiency, i.e., where the
receiving antenna is pointing to.

From Eqg. (3), we get a spatial resolution obr
~2A/k(d¢/dr) in the radial plasma direction\where
(dé¢ldr) is the average radial derivative of the magnetic pitch
angle inside the scattering regjolcompared to the previous
estimate of spatial resolution, E) does not depend on the
wave number of the probing wave. This is very advantageous
for scattering of far infrared waves, since for these, &).
4D LT gives an instrumental resolution which is substantially better
28 3.0 30 34 36 38 than the linear dimensions of the common region between

r [m] the probing and scattered beams. Unfortunately, for typical
» _ _ ~ tokamak plasmas whedk/dr<0.2 rad/m, such an improve-
\';'iﬁ‘]' k2:' 2'”(f‘:;f‘["(f:;;"azz'Eitg"iymf,”l”(‘zgﬂ‘ogrinthae J%?ﬁgéogl;gégﬁiﬁtgns ment in spatial resolution is not always sufficient for our

minor radius of 0.95 m. The probing beam has a radius of 4 cm and propadoals. This is der_n_onStrate_d in Fig. 2, which shows _the in-
gates on the equatorial plane perpendicular to the magnetic surfaces. ~ strumental selectivity functions for the case of a Joint Eu-

1.0

0.5

\
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ropean Torus(JET) discharge(minor/major radius-0.95/  having theu-axis parallel to the equatorial plane and the
2.85 m, toroidal magnetic fietd3.4 T, plasma currertd  t-axis parallel to the wave vectét, and we define the angle
MA) where a Gaussian probing beam with a radius of 4 cmp with

is launched perpendicular to the magnetic surfaces froma . s i . s i

point on the high field side of the equatorial plane. Even Ku=k'sin# cose, k;=K'sin 6 sin¢, ki=Kk'cosé.
though such a scattering arrangement—indeed very imprac- 4

tical and difficult to implement—maXimizeS the benefits of Let us now consider scattered waves from two regions of
magnetic shear, the instrumental selectivity functions of Figihe probing beam with identical scattering angles but differ-

2 are very broad, and would therefore result in poorly local-ent wave vectorg® andk$ (Fig. 3. From Eq.(4), we get
ized scattering measurements.

In this paper, we will consider the general case of a  kI-k3 _ )
probing beam propagating at an arbitrary angle to the mag- F: 1-2 sirf( 54;/2)5'”2 0, ®)
netic field. The idea behind this is that, when the probing
beam forms a small angle with the magnetic field, the conwhered, = ¢, — ¢;. Suppose, then, that the detection system
ditions for coherent wave scatterifgqs. (1) and (2)] be-  is tuned for the measurement of scattered waves from the
come strongly dependent on the toroidal angle. In addition, #rst region. Those from the second region will be collected
probing beam nearly tangent to the magnetic surfaces has théth a relative efficiency,
additional advantage of minimizing the extent of the scatter-
ing region in the radial plasma direction. F=ex — (2ksin(5,/2)/4)%], (6)

where we have used the Bragg condition with<1. For

propagation perpendicular to the magnetic surfagebe-
To derive the general expression of the instrumental seeomes the magnetic pitch anglpart from an additive con-

lectivity function for an arbitrary propagation of the probing stanj, and Eq.(6) coincides with Eq(3).

beam, we use a system of orthogonal coordinates,{) Finally, the anglep is obtained from Eq(2), which gives

Ill. OBLIQUE PROPAGATION

B,Bi(1—cos #) = [B2BZ(1—cos #)?>— B?(BZ(1—cos #)%—B2sir? §)]%2

cos = (7)
¢ Bsin 0
|
and fraction effects. However, at first we will consider a low
_ density plasma and neglect the bending of the beam due to
sin o= Bi(1—cos6)—Bysin § cos¢ (8  Wwave refraction. Furthermore, sincex{&'w3)?<1, diffrac-
B,sin 6 ’ tion is also negligible and consequently the beam radius re-

i R2_p2, R2 mains nearly constantv(=wy).
with B{ =B+ B;. o .
. . . The conditions for coherent wave scattering vary along
In the next section, we will use these equations for

: ) . Fhe path of the probing beam, as illustrated in Fig. 5 which
showing how to perform high-resolution measurements Olisplavs the (,v)-components ok® satisfying Eqs(1) and
turbulent fluctuations in tokamaks using coherent scatterin play v P g =q

. (\32). At each beam location, these components describe an
of electromagnetic waves. : o . ;
ellipse whose size is a decreasing function of the anrgle
between the wave vectét and the magnetic fielB (Fig. 6).
IV. HIGH-RESOLUTION FLUCTUATION As shown in Fig. 5, the scattering angle depends only on the
MEASUREMENTS beam location and the value @f However, not every value

We begin with the scattering configuration of Fig. 4, of ¢ is possible since Ed.7) imposes the condition
where short-scale fluctuations in a tokamak plasma similar to s o
that of Fig. 2 are probed with a Gaussian beam having a o= Bi—BY
frequency of 3 10'! Hz. The initial direction of the probing coso= B2+B2’
beam is parallel to thex@)-plane and makes a small angle
(y) of —4.5° with the equatorial plan@vith the negative sign whereB;=B;. When this is satisfied, E@5) gives two val-
indicating a downward direction Finally, the launching ues ofe for each scattering angle, as shown in Fig. 7 for the
point is chosen so that the beam trajectory in vacuum crossesattering geometry of Fig. 4. Once the anglés known as
the equatorial plane at=0, which is also where the beam a function of position and scattering angle, the instrumental
has a minimum waist ofvy=4 cm. The beam ray trajecto- selectivity function can be obtained from Ed$) and (8).
ries, which are displayed in Fig. 4 on both the equatoriaBy assuming that the receiving system is aligned for the
(xy)- and the poloidal £r)-plane, are from a ray tracing detection of scattered waves propagating parallel to the equa-
codé! including both plasma refraction and first order dif- torial planefi.e., usinge;=0° or ¢;=180° in Eq.(8)], we

(€)
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05 0 L1 1 1 I 1 1 1 1 I L1 L1 I 1 1 1 1
launching 2 - 0 1 2
_ point x [m]
E
— 0.0 FIG. 6. Angle of the probing beam with the magnetic field as a function of
N position: y=—4.5° (solid line and y=4.5° (dashed ling
05 does not depend significantly on the chosen ray so that Fig. 8
magnetic gives a good representation of the average instrumental func-
1ot Surf«laces tion as well.
55 3.0 35 2.0 2.5 All mstru_men'Fa! functions in Fig. 8 peak near_the point
r [m] wherea has its minimum valued,,;,) and have a width that

is a decreasing function af,,,. This is illustrated in Fig. 9,
FIG. 4. Toroidal(top) and poloidal(bottom withr =[x*+y?]*?) projections \yhich shows the instrumental function for the conditions of

of the 1k amplitude rays of a Gaussian beam propagating in a low density.
plasma(i.e., negligible refractive effectswith a frequency of X 10'! Hz,
radius 4 cm, and launching angte4.5°.

obtain the instrumental functions of Fig. 8 for fluctuation
wave numbers corresponding to the scattering angles of Fig.
7. In Fig. 8, all scattering parameters are calculated for the
ray with maximum intensity, i.e., for the central ray. The total
instrumental function, then, could be obtained by repeating
the calculation for different rays and performing the proper
average. However, because of the narrow and parallel beams
considered in this paper, the calculated instrumental function

1

o o o o°
O N W s
T T T T

S
w
T

0.4

5 1 1 1 1 1 1 1 1
-05-04-0.3-02-0.1 0.0 0.1 0.2 0.3 0.4 05
kS/ K

sin @

case(a) in Fig. 8 but for the specular beam with respect to
the equatorial plane, i.e., for the opposite valueyef4.5°).

b)

c)

x [m]

FIG. 5. Normalized ¢,v)-components ok® satisfying Eqs(1) and(2). The FIG. 7. The value of sinp(x) along the central ray of the probing beam of
u-axis is in they-direction (Fig. 4); parameters are the values>oélong the Fig. 4 for a constant scattering angle®£1.8° (a), 6=4.5° (b), and#=9.0°

probing beam. ().
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FIG. 8. Instrumental selectivity function for the scattering configuration of -1 8 cee b
Fig. 4 and the scattering angles of Fig.k&=2 cm™ (a), k=5 cm* (b), . 35 4.0 4.5
k=10 cni’! (c). Functions with a maximum at<0 are forg,;=0°, other r [m]

functions are forp,=180°. - . . .
FIG. 10. The same as in Fig. 4 but with beam refraction from a plasma with

a peak density of %10'° m~2 (ordinary mode of propagation

This demonstrates how a small increasevjy), (Fig. 6) can
cause a large broadening of the instrumental function. A re;

L the length of the scattering volume along the plasma radial
versal of the tokamak plasma current in Fig. 4 would have 9 9 9 P

duced th it direction depends only on the radius of the probing beam
produced the same resuft. N (i.e., or~=w). However, as scattering angles increase
_ Because of such a strong sensitivitydgy,, any refrac- (from 1.8° to 9° in Fig. 8 the peak of the instrumental
tive bending of t_he probing beam C.OU|d alsq modify the N"function moves away from the midpoint of the probing beam
strumental function. For an evaluation of this phenomenon

h ted th . lculati ; K densi x=0), causing a spread in the localization of coherent scat-
V\?95>?\1lglgepege d t?w pre\gpus ca CL:ja |c]>cns ora pea $n5| ring and consequently a deterioration in the spatial resolu-
of M~ and the ordinary mode of wave propagation ;, , f fiyctuation measurements. Furthermore, a radial shift
(Fig. 10 for which refraction is not completely negligible.

However, sincew is much smaller than the plasma density
scale length, all rays suffer the same deflection and conse-

. . 1.0
guently remain nearly parallel to each other. This causes a [ a)
shift in the position of the instrumental functions, but no [
appreciable change in their widtFig. 11). 0.5
The spatial variation of the instrumental function along [
the beam trajectory may affect the extent of the scattering 0.0L : 7 .
region in the plasma radial direction and deteriorate the ra- 1'0-4 03 -02 -01 00 01 02
dial localization of scattering measurements. Fortunately, in 'o: b)
both Figs. 8 and 11 this is a small effect, and consequently i
0.5
1.0 [
0.0 . . . .
04 -03 -02 -01 00 01 02
1.0
C 0)
0.5 C
0.5
00 0.0 L L L L L
03 02 -01 00 01 02 03 04 03 02 -01 00 01 02
x [m] x [m]

FIG. 9. The same as in casa) of Fig. 8 but with the opposite value of FIG. 11. The same as in Fig. 8 for the scattering geometry of Fig. 10. Beam
launching angléy=4.5°). refraction leads to a shift in the position of the instrumental functions.

Downloaded 22 Apr 2004 to 198.35.2.150. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



758 Phys. Plasmas, Vol. 10, No. 3, March 2003

E. Mazzucato

1.0 . 2) 1 .O_
:
L 0.5
0.0L L L h .
-083 -02 -01 00 oA 02 03 |
1.0 I
B b) oo .0 AL MNP B
C -03 -02 -014 0.0 O.1 02 03
0.5 x [m]
L FIG. 14. Instrumental selectivity function fér=30 cni'%, y=0°,w=1 cm
0.0C \ \ . . . and a probing frequency of»310% Hz (CO, lase). An over-reduction in
-03 -02 -01 0.0 0.1 0.2 0.3 scattering localization due to the large valuekoi mitigated by slightly
1.0[ P increasinge,,, Which serves to increase the scattered power.
0'5 __ . . . . .
i instrumental radial resolution which remains equal to the
0 o: beam diameter and therefore is substantially better than in

Fig. 12.

For large fluctuation wave numbers, such as those driven
by the ETG mode in tokamaks, the instrumental function
could become too narrow even when using small beam radii.
This can be cured by decreasing the obliqueness of the prob-
ing beam, as illustrated in Fig. 14 where a beam with a
radius of 1 cm and a launching angle of (@istead of—4.5°
of Fig. 12 is used for the detection of fluctuations wikh

f the b d by bl fraci Id al =30 cm . This causes the value ef,,, to increase from 4°
orthe beam caused by plasma refraction cou’d also causeég qo producing a broadening of the instrumental function

radial broadening of thg ;cgttering volume. Fortunately, b.Ot%long the beam path, but again without any appreciable ef-
of these .eff.ects are mlnlmlzgd by the use of large prObIng*ect on the radial dimensions of the scattering volume.

frgquenueiLe., small scattenng a.”g'ﬁ‘ﬁ.s demonstrated by So far we have considered only the measurement of fluc-
Fig. 12 where the case of Fig. 11 is redisplayed for the rnuCI?uations at a fixed radial location. Indeed, we could get the

3
!arger frequency qf 310° Hz (CO, Iase_b. As a result, all radial profile of fluctuations with the scattering arrangement
mstrum_ental functions peak near the point of tangency to th%f Fig. 4 by varying thej-coordinate of the launching point,

magnetic surfacex=0). r, equivalently, by rotating the probing beam with respect to

h Irontltcal_ly, we Ihave r?achet(rj] the pg_lnt vghere t_hetlength 0” he (xz)-plane. However, for maintaining constant the instru-
€ scafléring volume along the probing beam IS 100 SMally, o nia) function during the radial scéie., for keeping con-

Indeed, the narrow instrumental function in cdsgin Fig_. _stant the value ofr,,), we must varyy as well. This is

12 causes a decrease in scattered power without Contrlbm"iﬁ"ustrated in Fig. 15, which shows the instrumental selectiv-

: . . 'ﬁt functions at two radial positionsr 3.1 and 3.6 mfor
better option, then, is to employ a narrower beam, as in Fig y P € m

13 where a beam wittv=1 cm is used for the detection of
fluctuations with a wave number of 10 ¢h This causes a

-03 -02 -0d1 00 0.1 02 03

FIG. 12. The same as in Fig. 11 for a probing frequencyfl8'® Hz (CO,
lased. The increased frequendgie., small scattering angleminimizes the
shift of the instrumental function away from the tangency poxit Q), thus
optimizing the measurement localization.

broadening of the instrumental function and a corresponding 1'0: a)
increase in scattered power, but no appreciable change in the -
0.5
1.0 o.oL ) L . .
I 1.0[ 5)
0.5 05 [
: 0.0-. N P AR BN R B
oob v N -03 -02 -0.1 00 01 02 03
03 -02 -01 00 01 02 03 x [m]

X [m
fml FIG. 15. Instrumental selectivity function for the detection of fluctuations
FIG. 13. The same as in ca&s of Fig. 12 for a beam radius of 1 cm. The with k=5 cm* (ande=0°) atr=3.1 m(a) andr =3.6 m(b). The probing
reduction of the radius simultaneously improves the radial localizationbeam has a frequency of<dL0'% Hz, a radius of 2 cm, and a launching
(~2w) and the scattered powér to width of instrumental function angle of y=0° (a) and y=—12° (b).
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fluctuations withk=5 cm ! and ¢, =0°. The close similar- lent fluctuations and probing beam the scattered power is
ity of the two instrumental functions is achieved usigg0°  mainly limited by this geometrical parameter, we conclude

and y=—12°, respectively. that the proposed scheme will be at least capable of detecting
the same level of fluctuations of previous scattering

V. CONCLUSION measurements—but with substantially improved radial reso-
lution.

The results of this paper illustrate how a judicious choice | lusion. th thod d ibed in thi ff
of frequency, size and launching direction of the probing n conclusion, the method described in nis paper oflers

beam could transform coherent scattering of electromagnetﬁ unique opportunity for the experlmental study of thos.e
waves into an excellent technique for high-resolution mea- uctuations that plasma theory indicates as the potential

surements of short-scale turbulent fluctuations in tokamak$aUS€ of anomalous transport in tokamaks.
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