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A phase contrast interferometer employing a,d&ser(wavelength\;=10.6.m) is designed and
installed in order to study density fluctuations on a large helical device. A380nm slab beam
passes the edge of the plasma, wheter/a>0.65, and provides observations of edge density
fluctuations. A spatial image of the integrated fluctuations is measured by a multichannel detector
array, of which the effective spacing is 5 mm in the plasma. Measured wave number components are
dominated by radial components, and within the range ok 1@ 2<k=0.63 mm ! and within the
frequency range of 5—125 kHz. A clear difference in the fluctuation levels and peak wave numbers
are observed between different discharges, which differ in the energy confinemer00®
American Institute of Physics[DOI: 10.1063/1.1538341

I. INTRODUCTION by the change of the refractive index due to electron-density
Microturbulence is one of the most important pm,sica|quctuations in the plasma. Here, let the electric field of the

quantities, which determines the anomalous transport. Turbdtcident wave be

lent electron-density fluctuations can induce enhanced par- £ _ A di(ot+k2) 1)

ticle and energy flux.A phase contrast interferometé?Cl) 0 '

is installed on a large helical deviéeHD) for the measure- Then, the phase modulated beam is

ment of the microturbulent electron-density fluctuations in e i)

order to study anomalous transport. PCl is a powerful diag- E1=Eoe ' @

nostic for observing electron-density fluctuations. It recordsyhere ¢(x,t) is the modulated phase.

small phase variations of the probing beam produced by the The positive and negative first-order scattered compo-

electron-density fluctuations as small intensity variationspents appear due to the Raman-Nath diffraction the typi-

This becomes possible by using a homodyne scheme givingal amplitude and wave number of fluctuations in magneti-

a 72 initial phase difference between the scattered and norally confined plasmas with the use of a 1gué CO, laser

scattered Components of the laser radiation. Since PCI €Nream. A Simp|e Optica| System can give an image of the

ploys a homodyne scheme with an internal reference beam,odulated wave front in the image plane as shown in Fig. 1.

phase counter and digital phase analysis technique is n@4 principle, from this phase image, fluctuation in the object

necessary, therefore fine phase resolution is possible, Whi(.‘rb]ane can be observed by using phase measurements in the

cannot be achieved by using a conventional heterodyne inmage plane. This diagnostic can possibly use a far infrared

terferometer. Also, PCl is capable of measuring a wide ranggadiation (wavelength 0.1-1 mimas a source of the probe

of wave-number measurements. PCIl was installed on th@eam_ However, on LHD, phase Jump due to beam refraction

TCA tokamak® and later on Heliotron &' and DIII-D.>® sometimes occurs on the existing far-infrared interferometer

L. PRINCIPLE OF PCI (wavelength 118.9um) at high density (vl><102°m'*3)...

_ o The deformation of the wave front either becomes significant
Figure 1 shows a schematic view of a PCL. The plangyye (o refraction and aperture diffraction for the far-infrared

wave front of the incident laser beam is modulated in phas@eam This affects the quality of the image of the fluctuations

substantially. The use of a shorter wavelengi9.6 um)

dElectronic mail: ktanaka@ms.nifs.ac.jp promises a clearer image than that for a far-infrared beam. In
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FIG. 1. Principle of the phase contrast interferomdteris depth of field. 'g, 0

addition, scattering of 10.@m radiation by small-size fluc-

tuations occurs at modest angles, that permits collecting all

of the scattered radiation and the achievements of fine spatial

resolution. However, there is a difficulty of the measure- [

ments using 10.wm. The phase modulation due to the mi- -1 4 e e

croturbulent fluctuations by using 10,6m is very small T R(m) Rm)

(1073-10 2rad), so it is technically difficult to record them

by using a conventional phase counter or digital phase anal;}:'G 2. (a) Measured cross section of PCI affe) expanded views. The
vertical lines indicate viewing lines of the detector array. Magnetic flux

sis techniques and still keep good enough time resolution  t.ces are shown frop=0.1 up to 1.2 every 0.1 step.

(1-10 us). PCI makes this possible by using the following

scheme. the fluctuations, which is measured by PCI, becomes zero.

As shown in Fig. 1, in PCI, a phase plate is placed in th
focal plane of the lenk 1. This phase plate is transparent anc?ThIS means that the PCl amplitude image is converted to a

has a groove. Because of the difference in angles betwe ase image. For the heterodyne interferometer, respectively,

' e phase component in the image of the plasma wave
scattered and nonscattered components, they are focused o “od by, from the obiect olane becomes zero and the
side and inside the groove, respectively. The difference of th ! Yhi J P

thickness of the phase plate gives the effective path d|ﬁerg??r?:t'r2:;g\r/§:§grfooftﬁgrehggnepgﬁjgzé]m??%escc:?ne gﬁ:’:}'g
ence, which is a quarter of the incident laser wavelength, : P piitu P

Then the electric field of the beam in the imaging plane o re described in Ref. 12. Recentlyz a technique fqr localized
: measurements along the beam axis for laegéy using the

the lensL1 is ) .

_ relation between amplitude and phase components of the de-

E,=E,e' ¢(-XM.D focused image has been proposkd.

~Ei[1+id(—xIM ) ]—E{[1+d(—xIM,1)], ()
lll. EXPERIMENTAL SETUP

whereM is the magnification of the optical system and we
dropped in Eq(3) a quadratic phase factor produced by the = The PCI system is one of the branches of ,Cl@ser
optical system. EquatiofB) means that small phase modu- diagnostics on LHD and the other branches are used for the
lation is converted by the phase plate to amplitude modulagensity profile measurements and vibration compensétion.
tion. Then, in the imaging plane, the intensity of the beam isThe present 25050 mm slab beam is vertically injected and
_ *__p2 covers a region op=r/a>0.65, wherep is the normalized

P=E.B;~Bo(1+2¢), ¢<l. @ radial position anc is the average minor radius, as shown in

Phase modulation manifests itself as an intensity moduFig. 2. Figure 3 shows the detection optics of the PCI, het-
lation. The measurements of the small intensity modulatiorerodyne CQ, and YAG laser interferometet3.Two off-axis
are technically easier and simpler than small phase measurparabolic mirrors and three spherical lenses are used in the
ments. This is an advantage of PCI. More precise analyticadmaging optics. A liquid-nitrogen-cooled 32-channel HgCdTe
expressions of the image with a Gaussian beam by usintinear array of photoconductive detectors is employed for the
Fresnel-Kirchhoff diffraction integration are obtained in Ref. signal detection. The position of the parabolic mirrors,
8. The ratio of the first to the second term of E4). gives the  lenses, and detector are determined in order to get an image
absolute value of the fluctuation amplitude and promise®f the center of the plasma at the detector position. Simulta-
good accuracy in the measurements. neously, these positions and configurations of optical ele-

In Fig. 1, if the fluctuation is located apart from the ments are optimized to minimize the effects of spherical ab-
object plane, the image in the image plane is deformed beerration by using the softwaregemax.!* The effective
cause of defocusing. To get an image in the image planseparation of the detector elements in the plasma is 5 mm.
without deformation, the distance from the object plane toThe maximum detectable wave number is determined by the
the density fluctuation should be much less thap  sampling theorem and it is 0.63 mm L;=5.17m forkp
=7-rki/kf), whereL is the field depthk, is a wave number =0.63 mm %, is much longer than the plasma size, there-
of the fluctuations, an#; is the wave number of the incident fore, all measurable wave-number components are uniformly
beam® ! For a plasma wave located at a distahgefrom  integrated along the viewing line. The minimum detectable
the object plane, the amplitude component in the image ofvave number is determined by the setup of the phase plate.

-0.5
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FIG. 3. Detection optics of the CQaser diagnostics.

If the scattered and nonscattered components are overlappgd EXPERIMENTAL RESULTS

at the phase plate, @/2 phase difference cannot be given,

and then the amplitude image cannot be obtained. These con- The diffusion coefficients on LHD, which are estimated
ditions are determined by the width of the groove of thefrom the density modulation experiments, are anomalous
phase plate and the focal spot size on the phase plate. Thef¥1€S (9”96 order of magnitude larger than neoclassical
fore, good focusing mirrors or lenses are the key optics Opredlct_lor_Jr ), and thermal diffusion from the power balance
PCI as well as the phase plate. The phase plate is the sarfi8alysis is anomalous as.w-’ejITherefore, study of the mi-
one, which was used for Heliotron E experimehfsThe croturbulence is of essential importance on LHD. In this sec-

minimum detectable wave number is experimentally deter:“%n’ flucfju.atlk(])n S|gnali.ahncril speg'tfrfa of the I;CI from tr\:vo
mined from the sound wave measurements and is 0.07%' erent discharges, which have different confinement char-

_ teristi re di .
mm™L. acteristics are discussed

In order to observe components of the fluctuations nor-
mal to the magnetic field, which play important roles in _

X i L3 RsCE IO AR o T R T IARRANRERR:
transport, the axis of array has to be adjusted to the perpens e £ 4 ©
dicular to the magnetic field. However, on LHD, magnetic- % /A Reattom =o)X ) R=4.119m (p=0.75
g R=3.759m (p=0) g -

field lines are inclinedt45° at =1 m from the equatorial ¢
plane due to the magnetic shear. Presently, the axis of thig o
array is set to be perpendicular to the field line in the equa-g
torial plane. Because of this inclined angle, the measurecg
wavelength of the fluctuations traveling normally to the '
beam at the top and bottom plasma edges are decreased rela-
tive to real ones about 30%. Taking advantage of the fieldkic. 4. (a) and(c) Time trace of the density ar() and(d) PCI signals(a)

shear, scattered components corresponding to the field Iir@d(b)darz atBt=1 Té Hygrogin dgschgrgéflhot 34h780)a2d 71-8:36dm S.

can be selected by placing a SIt n the focal plane. THis®, &% %, &2 % ECR LT e derasint b e

technique provides a way to obtain the local information of_3 75 m_ Absorption power of NBI is 4.7 and 2 MW at 1 and 2.64 T

plasma fluctuations along the viewing lifre. operations, respectively.
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FIG. 5. (Color) S(k,f) spectrum of(a) 1 T discharge an¢b) 2.64 T discharge. Data are estimated from 1.5 and to 2 s. Conto®(kdf) are plotted every
3 dB. Dense color indicates stronger intensity.

Figure 4 shows density traces and PCI signals. The plashows a broad spectrum both in frequency and wave number.
mas in these two shots are heated by neutral beam injectiothe frequency spectrum in the time domain is calculated
(NBI) at the same magnetic axis positifRax=3.75 m) with  from the signals of each channel, and the wave-number spec-
different toroidal magnetic fields3t). The plasma density is trum is derived by Fourier transform of the spatial distribu-
almost the same in both ShOtS, and denSity prOﬁleS al8on of the real and imaginary parts of the frequency spec-
slightly hollow in both discharges. Therefore, the edge averyyym at each frequency component. Figure 6 shows the
aged density is slightly higher than the centr_al one. The difyayve-number integrated frequency spectrum and frequency
ference ofBt causes about a factor of 4 different energy;niegrated wave-number spectrum. The lower and upper cut-
confinement time¢36 ms for 1 T operation and 153 ms for o of the detector and amplifier system is 5 and 500 kHz,
2.64 T operation As shown in Figs. ) and 4d), PCl \oqnectively. Signals are acquired by 250 kHz sampling,
signals exhibit a clear difference in the amplitude. The roo‘i/vhich corresponds to a 125 kHz Nyquist frequency. How-

mean square of the internal phase noise is determined by tré%er, as shown in Fig.(8), the dominant spectral compo-

detector noise, and is about 0.2 mrad. It is more than oné
nents are lower than 50 kHz.

order of magnitude lower compared with conventional phase . . - . .
counters at 10.6m. The .PCI technique is sen_smve to fluctuatlo_ns trgvell_ng
Figure 5 shows the joint wave-number-frequency pOWeIperpendlcular to the beam axis. If the propagat_lon direction
spectrum[S(k,f)]. S(k,f) is calculated using signals from ©f the plasma wave varies from the perpendicular to the
24 channels of a 32 channel detector array with a time inter?®am axis like the poloidal propagation shown in Fig)2it
val of 1.5-2 s for both discharges. The obtain®¢, f) means that the real wave has a considerably longer wave-
length than that measured by Fourier analysis of the PCI
image. Therefore, the poloidal wavelength is measured as
0-0.3 times of the real poloidal wavelength, the radial wave-
length is measured as 0.95-1 times the real radial wave-

‘e 12 g length. However, this is for the case of the plane-wave
- 5 0;3— (b; model, for the more precisg argumeqts i.n the case of the
Lot < o6f " turbulent fluctuations, numerical modeling is necesS@pe
< F 2 14k A of the possible interpretations of the dominant low-frequency
© T @ 02k E components is that the poloidal motion projected on the per-
Ty _f)_é S 'og pendicular to the beam axis becomes weaker and it is less

f(kHz) k(1/mm) than 30% of the real poloidal motion.

_ The second effect is the integration of signals from the
FIG. 6. (a) Wave number integrated frequency spectrum @ndrequency

integrated wave number spectrum. Data are normalized by the maximurHPPEr and Iowe_r parts of the plasma glong the viewing line
values. that can result in an almost symmetric wave-number spec-
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trum shown in Fig. 6 even in case of plasma rotation inthe ~ sn_. ¢, . [L

poloidal direction. The fact that the spectral peaks are located —= b \/; (7)
atk#0 argues in the case of the edge position of PCI, how- € 0 P

ever, in favor of the conclusion that the observed spatiaFrom Fig. @b), A,=41.9mm for 1 T operation and,,
spectrum is associated more with the radial structure of the=15.7 mm for 2.64 T operation and the averaged root mean
fluctuations rather than with the poloidal offeThere is square betweeb=1.5-2s of PCI signal of Figs.(d) and
about a 30% uncertainty of the wave numbers due to thé(d), averaged fluctuation level @at=0.75 is 1.98% for 1 T
shear effects, which is described in the previous sectioroperation and 0.27% for 2.64 T operation. About a factor of
However, the integration of the poloidal propagation and? difference of fluctuation levels are obtained.

magnetic shear effects are the same for both discharges,

therefore, the difference of the peak wave number, which is

0.15 mm ! for a 1 T discharge and 0.4 mrhfor a 2.64 T V. SUMMARY

d|scharge is due to the d!fference of_the .characterlst[cs of the Results of PCI on LHD are obtained. From the analysis
fluctuations. If the step size of the diffusion process is deter-

. : e . of two discharges with different confinement conditions,
mined by the fluctuation wavelength, the diffusion coeffi- . .
clear differences of the amplitude and spectrum structure are

i ional to th f the fl i - . : :
cients are proportional to the square of the fluctuation wave stablished. However, in the present arrangements, detailed

length. The longer energy confinement time at 2.64 . : : . . .
. Lo . patial profiles are impossible to acquire due to the integra-
operation qualitatively agrees with a larger wave number al.

2.64 T compared with those of 1 T operations. It is importantIon effect. And interpretation of the wave-number spectrum

also that the intensity of the plasma fluctuations at 1 T s> also complicated. For more precise interpretation of the

almost 1 order of magnitude higher than those at 2.64 _ldata_, local information _along the be_am axis 1S extre_mely es-
operation sential. Several techniquaslefocusing effect technique,

The amplitude of the line-averaged density ﬂuctuationsmagnet'c shgar techniqde and crossed—bgam techmc’;?}e
) ! . are planned in the near future to get local information. Then,
can be estimated as follows assuming fluctuations are homo- . . - .
. . . ._comparison with local transport coefficients by changing
geneous and isotropic. Although a more precise model takin .
. . . Blasma parameter can be implemented.
account of the inhomogeneity and anisotropy of the wave*
number spectrum is necessary for precise arguments, here,
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