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The recently upgraded phase-contrast imagi?@|) diagnostic is used to characterize the transition
from the low(L) to the enhance®, (EDA) high (H) confinement mode in Alcator C-Mdd. H.
Hutchinson, R. Boivin, F. Bombardet al, Phys. Plasmad, 1511(1994] plasmas. PCI yields
information on line integrated density fluctuations along vertical chords. The number of channels
has been increased from 12 to 32 and the sampling rate from 1 MHz to 10 MHz. This expansion of
diagnostic capabilities is used to study broadband turbulenceaimd EDAH mode and to analyze

the quasicohereri@QC) mode associated with EDA mode. Changes in broadband turbulence at the
transition fromL to EDA H mode can be interpreted as an effect of the Doppler rotation of the bulk
plasma. Additional fluctuation measurementsf light and the poloidal magnetic field show
features correlated with PCI in two different frequency ranges at the transition. The backtransition
from EDA H to L mode, the so-called enhanced neut(&iN) mode, is investigated by new high
frequency(132 and 140 GHgreflectometer channels operating in the ordiné®y mode. This
additional hardware has been installed in an effort to study localized turbulence associated with
internal transport barriefdTBs). The EN mode is a suitable candidate for this study, since an ITB
exists transiently as the outer density decreases much faster than the core density in this mode. The
fact that the density decays from the outside inward allows us to study fluctuations progressing
towards the plasma core. Our results mark the first localized observation of the QC mode at medium
density: 2.2<10°°m™3 (132 GH2. Correlating the reflectometry measurements with other
fluctuating quantities provides some insight regarding the causality of the EN-mode
development. €005 American Institute of PhysidDOI: 10.1063/1.189916G1

I. INTRODUCTION experiments and combined with integration along diagnostic
. ) . sightlines, the measurements can be modeled. The latter
Turbulent transpprt assomat_ed with the trgnsmo_n frommethod has initially been used to study effects of sheared and
the low (L) to _the h|gh(H)_ confinement modein fusion nonsheared flows on turbulence and will be applied to inves-
plasmas remains enigmatic. In order to make progress t(.ﬁgate circular(eddy) and radially elongatetstreamer struc-
wards an understanding of how the edge transport barrier i lres.

H modes is created, we are proceeding along several av- In the present paper we tre@} by studying fluctuations
enues:(i) A continued development of the capabilities of . P hap y ying

fluctuation diagnosticsji) linear and nonlinear simulations in the electron density of Alcator C-MofRef. 4 plasmas

; —7 . . 8-11
treating a parameter range found in present day magnet img reflectometry tand phtasdg-(cziqntrast'|matg|mBC.1)r.] lect
confinement fusion devicegjii) a combination of these €se measurements are studied ih conjunction with etectron

simulations with viewing geometry and response functions.temper"’,‘tur,e and quctuanons.a light and the poloidal

of actual diagnostics, the so-called “synthetic diagnosﬁcs,”magne“C fieldBy. We.also briefly compare the results tq
and (iv) comparisons between different confinement Con_small-a_nglez scattering ~ measurements  of  density
cepts, i.e., tokamaks and stellarators. A subelement of theélé‘cma“oné made in the Wendelstein 7-ASW7-AS)
thrusts is, e.g., cross correlations between diagnosti¢s.in stellarator. _ _ _

An alternative, computationally less demanding, approach to  1he paper is organized as follows: In Sec. Il we describe
(i) has been proposed where turbulent “events” are simuh€ two discharges analyzed, give an overview of the fluc-
lated using prescribed temporal and spatial behaviors tuation diagnostics used, and the spectral analysis tools em-
Events are created in the actual magnetic field geometry diloyed. We analyze a shot displaying &rH transition in

Sec. lll, emphasizing PCl measurements but connecting
dElectronic mail: basse@psfc.mit.edu. URL: http://www.psfc.mit.edu/ those measurements to other fluctuating fields a&d the elec-
people/basse/ tron temperature. The enhanced neut(BN) mode,” aris-
1070-664X/2005/12(5)/052512/14/$22.50 12, 052512-1 © 2005 American Institute of Physics

Downloaded 05 May 2005 to 198.125.178.190. Redistribution subject to AIP license or copyright, see http:/pop.aip.org/pop/copyright.jsp


http://dx.doi.org/10.1063/1.1899161

052512-2 Basse et al. Phys. Plasmas 12, 052512 (2005)

100F : ; 150F : 3
Wk)] 60F / g w k) 100F : E
20F : . 50¢ : 3
0.0 05 7.0 75 2.0 00 55 o TE 50
1.5F 2 : : '
Indi[10®*m? 1.0 7 E n o 1.5F
0sE E E IndI [10° m?] oof .
0.0 05" 1.0 1.5 2.0 0% 05 10 - 5 2.0
2.5¢ ; 3E
P MW] 1.5 : : PuMW] 2 E :
0.5F = 1 E
0.0 05 7.0 7.5 2.0 . G o= = 28
e : 10E i
D,[au] 6 ;N"\——" _...-L....._/-s; D,[ou] 6 .
2 MRS A
0.0 05 70 5 2.0 o 5 5Ne“”am°'° ] 5 2,
Time [s]

Time [s]

FIG. 1. Discharge overview for shot 104 03 10 007 from top to bottom:
Stored energy, line integrated density, ICRF power, Bpdight vs time.
The vertical dashed line marks the transition frarto EDA H mode.

FIG. 2. Discharge overview for shot 104 03 10 021 from top to bottom:
Stored energy, line integrated density, ICRF power, Bpdight vs time.

The dotted trace in the bottom plot shows the neutron rate in arbitrary units.
The vertical dashed line marks the transition from EBAto L mode
studied.

ing from anH-L backtransition, is studied in Sec. 1V, prima-

rily by reflectometry measurements. A discussion of our
observations, future analysis, and diagnostic upgrades followhis enhanced transport the density stays constant and no
in Sec. V, and finally our conclusions are presented in SeGmpurity accumulation is observed, so the EBlAmode can
VI be sustained for the entire discharge length. This is a desir-
able trait for a fusion reactor operating regime, simulta-
Il. THE EXPERIMENTS neously avoiding ELMs.
An overview of the second discharge we use to study an
_ _ _ _ EDA H- to L-mode transition is shown in Fig. 2. HerB,,
C-Mod is a compactmajor radiusRy,=0.67 m, minor  =6.4 T as for the first shot, bup=1.2 MA. Again, 2.7 MW
radiusa=0.21 m), diverted tokamak with the ability to run of |CRF heating leads to the formation of an EBAAmode,
high toroidal magnetic field,(<8 T), high plasma current byt this time a series of EDA- to L-mode backtransitions
I(=2 MA), and high electron density(<1.5X10°*m™)  occur. The centrah, reaches 4.8 10?° m™3 and the central
plasmas. The walls are covered by molybdenum tiles and, s 1.8 keV.
boronization is used regularly to reduce the impurity content
of the plasmas. Auxiliary heating presently consists of ion
cyclotron radio frequencylCRF) minority heating using 2
two-strap antennas at 80 MHz and 1 four-strap antenna with The PCI diagnostic measures electron density fluctua-
a variable frequency between 50 and 80 MHz. tions line integrated along vertical chords, see Fig. 3. The
Wave forms of some of the main plasma parameters atain feature of this technique is that laser light scattered off
theL-H transition are shown in Fig. 1. The toroidal magneticdensity fluctuations acquires a phase shift proportional to
field B,=6.4 T and the plasma currel=1 MA. The appli- those fluctuations. By shifting the phase between the unscat-
cation of 2.7 MW of ICRF heating—which is well above the tered and scattered ligtising a phase platethis phase
L-H threshold power—at 0.6 s leads to bfH transition at  variation is converted to an amplitude variation on the detec-
0.61 s, lasting until after the ICRF has been switched off ator array. We use a 25 W continuous wave Q&ser having
1.5 s. The ICRF frequency in this case is 80 MHz, corre-a wavelength of 10.um. For a more extensive description
sponding to off-axis heating on the low field side, at aboutof the method, see Ref. 8 and references therein. Recently,
75% of the minor radius. The central electron density the number of channels has been expanded from 12 to 32, so
measured by Thomson scatterifgchanges from 1.8 that our coverage of the major radiRshas increased from 5
X 1079 m™3 to 3.1x 10°° m2 at the transition, while the cen- to 13 cm. A sound burst is measured before each shot, see
tral electron temperaturg, remains 1.7 keV. The long last- Fig. 4. This is used to obtain the distance between chords and
ing, steady-stateH mode is an enhance®, (EDA) H can also be utilized to find the line integrated density fluc-
mode?® characterized by the quasicoher¢@®C) mode ob- tuations in units of Y. The data acquisition system has
served by several fluctuation diagnostics and localized in theeen upgraded from a 12 bit system sampling at 1 MHz to a
center of the edge density gradiéﬁsi'.lo’”'lg]'ransport inthe 16 bit compact peripheral component interconn@RC))
EDA H mode is increased somewhat compared to the edgecheme, usually sampling all 32 channels at 10 MHz. A de-
localized modgELM) free H mode. It has been shown that tailed description of the upgrade will be presented elsewhere.
the QC mode can account for the increased edge particle During 2003, two high frequencyl32 and 140 GHgz
transport observed in EDA mode’’ As a consequence of ordinary (O) mode reflectometer channels became opera-

A. Description of the discharge types

B. Turbulence diagnostics
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052512-3 Characterization of core and edge turbulence...
electron 132 and fluctuation measurements, for further details see Refs.
e magnsic SRRl WHN T 5-7. An advantage of reflectometry, with respect to PCI, is
direction o6l wwwf:u B 1 Iocahzatl_on close to the cutoff densities, but quantltguve in-
‘um terpretation of reflectometry measurements requires full-
wave code<:?®?*The very high densities typical for C-Mod
0.4 mean that the low frequency reflectometer is limited to the
edge gradient region. However, as we shall see, the high
gl frequency channels can in some cases be used to study inter-
nal transport barrierdTBs).
We correlate PCI and reflectometry measurements with
z[m] oof (i fluctuations inD, light and B,. All sightlines are shown in
| Fig. 3.
—-0.2F A I 4
ol C. Spectral analysis tools
1. Autopower
-0.6F The raw voltage signal from a PCI channel is denoted
| . ‘ S(R;,1), j being the channel numbéi-32. The autopower
0.4 06 08 10 spectrum is defined as
R [m] . 5
1(= :
— »Negativek, P(Rj,v) = ‘ T f S(Rj,t)e'z””tdt , (1)
< Positive k, ty

y

FIG. 3. (Color). Machine outline and equilibrium fEFIT) flux surfaces for ~ Where T=t,—t, is the time interval andv=27v. The auto-

shot 104 03 10 007 at 0.74 s. The diagnostic lines-of-sight are shown in recpower in a certain frequency banddy= Vo= 1,
The vertical lines are the PCI chords, the two lines meetirfg=.8 m are

the reflectometer viewing geometries, the square is the position of the po-
loidal magnetic field measurement, and the cone expanding towards the

(2)

inner wall is theD -light diode view.

tional in C-Mod,

corresponding to densities of 2.2
X 1022 m=3 and 2.4x 107° m™3, see Fig. 3° These dedicated

fluctuation measurements complement the lower frequency
reflectometry system, consisting of five amplitude modulated
(AM) O-mode channels covering a frequency range from 5
to 110 GHz. The AM system has been used for both profile
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is called the band autopowéor band powe), as indicated
by the lowercase superscrift,in Eq.(2). The definitions in
Egs. (1) and (2) are also valid for reflectometry measure-
ments, usings to represent the complex reflectometry signal.

Let us at this point describe the physical meaningsof
hich is different for PCI and reflectometry. For the PCI
measurements

SPC|“J n(2)dz, 3
where én is the electron density fluctuations amdis the
vertical coordinate parallel to the chords, see Fié.P&)wer
spectra basically square this sighs¢ée Eq(1)], so they are
proportional todn®. As a consequence, these spectra might
display an increase even if the relative fluctuation leX@In
decreases. This could occur, e.g., atlarto EDA H-mode

5 & ‘\\\\\\\\\\\\\\‘\\\\\\\\‘\\\\X\\\\\\\\*\\\\\\\\‘\\\\\ transition, because the density increases due to the steepen-
2 W\\&&QQ@QQ@Q@Q@ ing of the edge density gradient. For reflectometry the quali-
= Q\%\\@\\\W\W@\W@W tative expression is
_z:%m \xux\\\A\AAAAAA S’eﬂectometryOc fmc(Rc): (4)
;' '. '.' ', '1' VV L . where dn. is the electron density fluctuations at the cutoff

~0.9990 -0.9985 ~0.9980 —~0.9975 layer andR; is the major radius of the cutoff layéSince the
Time [s] cutoff densityn. is determined by the fixed frequency of the

launched wave, the reflectometry signal is a direct measure

FIG. 4. The 2 ms time window where the 15 kHz sound burst is detected byof the relative fluctuation levebn./n.. Therefore power
the 32 PCI channels. The vertical markers are displaced using the sounsbectra are proportional '(@h /n )2 The difference between
r cttic/ -

speed, 340 m/s: Propagation towards channel 1 from channel 32 is cleal
visible. The signal in channel 7 is small due to an electronics fault inside th

detector.

Lff']e physical interpretation of PCI and reflectometry measure-
ments will be discussed further in Sec. V A.
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FIG. 5. (Color). Two-dimensional Fourier transform spectra of the 15 kHz
PCI sound-burst signals shown in Fig. 4, 1 kHz frequency resolution. A pealElG. 6. (Color). Main plot: Spectrogram of a core PCI chanfiEl) vs time.
is observed akg=2.6 cnT! (and 15 kH2 corresponding to the sound wave The color scale is logarithmic, time resolution is 1 ms, and frequency reso-
and a line fromkg=0 cni? (and 0 kH2 to that peak corresponds to the lution is 5 kHz. The vertical dashed line marks the transition ftotn EDA
sound speed. H mode. Bottom plot: Traces of stored enerdyack), ICRF power(red),
andD,, light (blue).

Since PCI has 32 chords, one can resolve the autopower N-r-1
as a function of wave numbé&g. To do this, we calculate the Ry(7) = = > (X =X) (Yo, —y) forr=0, (8)
two-dimensional Fourier transform N ke

1 fRaz(l t28( g2 ) R
— = R,t)e<™dt |e"*rR"dR
31AR Ry T ty

2 where 7 is time lag andN is the size of the two seriés.
Similarly, the cross correlation is conventionally defined in
terms of cross covariances as

N Y0 ©
T = —_—_———
The minimum wave numbek,,, is determined by the Y
distance between the outermost chords according to

P(kR! V) =

VR(0) X Ry(0)

So, if C,y(7) has a maximum at a positive time lagthe

‘ 2 correlated feature is observed in seriefirst, and then in
= -, 6 . .

min= 3oAR (6)  seriesy a timer later.

with AR being the distance between adjacent chdtdse, ||| .- TO EDA H-MODE TRANSITION

AR=3.8 mm. The maximum wavenumbd, ., is defined as o ) )
A. Line integrated density fluctuations

Kmax= l, (7) We begin this section by analyzing a single PCI channel,
AR 17, that views vertically aR=0.7 m (through the plasma

. core inside theg=1 surface, see Fig.)3The signal in a

388 :tah(; ranq(la _?rf] Wavel trjuml?ers coveredb by PCI .'Ssingle channel contains information on turbulence at all

[-8.3,8.9 cm™. The resolution in wave-number space is scales where the diagnostic is sensitive. The maximum wave

egual 0 Knin To_ lllustrate Eq. (5), we show the two- number is determined by the width of a single detector ele-
dimensional Fourier transform of the raw data from the 15ment (0.75 mm), combined with the condensation factor of
kHz sound burst in Fig. 5. This analysis establishes that g Iasér beam’ on the receiving talfte factor of 5. This
positive (negative kg corresponds to fluctuations traveling )

) . . yields a maximunkg of 16.8 cm*. The minimumkg (where
tov_vards_ the h'gmf’V_V) field side. I_3ecause_ channel 7 has Athe diagnostic response is reduced by 50% 0.6 cm™.
noisy signal(see Fig. 4 we set it as being equal to the

! Fluctuations at wave numbers exceeding an absolute value of
average of channels 6 and 8 when calculating the tWog 3 ¢nr1 i pe spatially aliased into th¢-8.3,8.3 cm™
dimensional Fourier transform. range of two-dimensional Fourier transform spectra, see Sec.

I1C1.
In the main plot of Fig. 6 we show the spectrogram
2. Correlations (autopower spectra vs timeof PCl chord 17, passing

through the plasma core, for the shot shown in Fig. 1. We

The cross covariance between two time sexiemdy is display frequencies up to 2 MHz, turbulence decays rapidly

given as above this frequency. At the transition fromto EDA H
N-|A-1 mode at 0.61 s, several distinctive features app@gaithe

Ry(7) == > (Xer =X (y—y)  for 7<0, frequency spectrum of broadband turbulence widens signifi-

N o cantly, (iil) modes observed at frequencies close to the center
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Autopower [a.u.]
Autopower [a.u.]

0 1 2 3 4 5
Frequency [MHz] Frequency [MHz]

L-mode scaling factor

FIG. 7. Left: Autopower spectra of a PCI core chan(ié) in L mode(solid
line) and EDAH mode(dotted ling. Right: Same spectra as in the left-hand [ :
plot, but the frequency scale of themode spectrum has been multiplied by 0.5, RS FE L L
a factor of two. The spectra are averaged over 10 ms and shown with a 5 0.6 0.7 0.8 0.9 1.0
kHz frequency resolution. The small spikes at 750 kHz and 3.3 MHz are due
to electronic pickup.

Time [s]

FIG. 8. L-mode scaling factor vs time; the time resolution is 10 ms. Dia-
] . ) ] monds areL.-mode points, triangles are EDA-mode points. The vertical
of the gap frequency associated with toroidal Alfvén eigen-dashed line marks the transition frdmto EDA H mode.

modes(TAEs) at theq=1 surface appear an(i) the QC
mode is observed, at first rather weak but stronger 70 ms into

the EDAH mode. The mode frequency decreases untl I[be excellent; there are more than five orders of magnitude

settles at 125 kHz; this change is '.“OSt likely due to thefrom the QC-mode amplitude to the noise floor. The right-
development of the bulk plasma rotation. In general, the fre'hand plot shows the same EDAmode plot as the one in
quency detected by PCI is a combination of a mode fre

guency of the instability observeé.g., ion temperature gra- the left-hand plot, but this time the-mode frequency scale

dient driven or trapped electron modlggus a contribution has been multiplied by two. When thiemode frequency
due to theE x B Doppler shift of the signal: scale is doubled, the-mode spectrum nearly overlays the

EDA H-mode spectrum. The only difference is the character-
Viab= Vinstability ¥ VEXB (10 istic QC mode in the EDA1 mode. This self-similarity of
the spectra could be explained by an increase of&heB
velocity by a factor of 2 between steady-statand EDAH
1 kg E mode, see Eqs(10) and (11). Similar results have been
VEXB_E)UEXB_ZTB_(JS 1Y found for small-angle scattering measurements of density
. . o fluctuations made in W7-A% 2 However, the trend was
andE, is the radial electric field? E, from the lowest-order opposite in W7-AS: TheE X B velocity decreased at tHe
force balance equation is given by H transition.

1 The “L-mode scaling factor,” i.e., the factor that one uses
ezn VP, (12)  as a multiplier to overlay- and EDAH-mode autopower
spectra, is shown vs time in Fig. 8. Here, thenode scaling
wherel is the measured impurity species, is the toroidal  factor was calculated by fitting the base lihenode auto-
velocity, andvy, is the poloidal velocity? power spectrunfat 0.57 $ to autopower spectra at all other

There are two phases in this EDAmode, the first 100 times; we used th¢0.2, 2] MHz frequency range and a 5
ms with TAE activity and broadband turbulence beyond 2kHz frequency resolution. After the- to EDA H-mode tran-
MHz. The TAEs disappear and the broadband turbulencsition, the L-mode scaling factor increases from 1 to 2 in
range becomes somewhat reduced during the second, maabout 100 ms.
stationary phase. The stored energy decreases in the second Let us now investigate PClI measurements where we
period, see Fig. 1. A possible reason for the lack of late TAEhave resolved wave numbers by analyzing the two-
activity is an increase of density in the initial EDA-mode  dimensional Fourier transform. In Fig. 9 we display wave-
phase, leading to a decrease of the fast ion tail population. Inumber-frequency spectra &f mode (left-hand plo} and
the remainder of the current section we comphfrmode  EDA H mode(right-hand plot. As established above, a posi-
measurements at 0.57 s to EDMvmode measurements at tive (negative kg corresponds to fluctuations traveling to-
0.9 s. wards the highlow) field side. TheL-mode fluctuations ex-

We showL- and EDAH-mode autopower spectra in Fig. ist below 500 kHz and increase in amplitude away frkgn
7 up to the PCI Nyquist frequency, 5 MHz. The left-hand=0 cni’. The only systematic behavior to be seen is that
plot showsL-mode (solid line) and EDA H-mode (dotted  larger amplitude turbulence extends to higher frequencies for
line) autopower spectra. THemode spectrum extends up to greater wave numbers. Turning to the EBAmode wave-

1 MHz, whereas the EDAl-mode spectrum exhibits broad- number-frequency spectra, we first of all see the QC mode as
band turbulence up to 2 MHz. In addition, the QC mode istwo large amplitude “islands” in the plot, one for each sign
visible at 125 kHz as a distinguishing feature of the EBA of k. It is known from measurements made using Langmuir
mode. The dynamic range of the measurements is shown farobes that the QC mode rotates in the electron diamagnetic

where

E = (U¢,Ba‘ Ua,B¢) +
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¥ ¥
=3 =3
> - FIG. 9. (Color. Two-dimensional
LC> 8 Fourier transform spectra df mode
0] (0] (left-hand plo} and EDA H mode
8— 8— (right-hand plot. The spectra are aver-
o o aged over 10 ms and shown with a 5
= = kHz frequency resolution.

-5 0 5 -5 0 5

Wavenumber [cm] Wavenumber [cm]

drift (DD) direction, see Fig. 3counter clockwisg'’ This  Fig. 11. TheL-mode wave-number spectrum peakskat
fact, combined with PCI conventions, means that the nega— +3 cnit and the EDAH-mode wave-number spectrum
tive (positive wave-number peak is the QC mode at thepeaks atky~ =4 cnil. The maxima of the wave-number
bottom (top) of the plasmakg=-4.05.1) cm%. Broadband spectra are at, .moqe~ 2.1 €M an\gpp y-moge~ 1.6 cM. The
turbulence is significant up to 1.5 MHz, especially at wavevalue of ps (ion Larmor radiusp; evaluated at the electron
numbers greater than or equal to where the QC-mode peak®mperaturgis 1.3 mm in the plasma core for bothand
The slight top-bottom asymmetry of turbulence seen in FigEDA H modes and decreases towards the edge.
9 occurs both due to intrinsic properties of turbulerisee, The final topic in this section is tracking of the QC-mode
e.g., Ref. 29 and due to flux surface geometry differenceswave number and frequency. The QC mode is tracked by
between the top and bottom of the plasma, see the analysis @dlculating a series of wave-number-frequency spectra as the
the end of this section. Larger inboard-outboard asymmetriesnes shown in Fig. 9 for a reduced frequency range. There-
also exist due to the ballooning nature of turbulence. after the two maxima of the QC mode at negative and posi-
Wave-number-frequency spectra are also roughly selftive kg are found; the results are shown in Fig. 12. The top
similar when we confine ourselves to a single wave numbeiplot shows the QC-mode frequency for negafipesitive) kg
see Fig. 10. The left-hand plot shows and EDAH-mode as a red(black line. We remind the reader that a negative
spectra atkg=5.2 cmt. The L-mode spectrum decreases (positive) kg corresponds to the bottoftop) of the plasma.
monotonically for increasing frequencies beyond 100 kHzAs noted earlier, the QC mode is not visible during the initial
and reaches the noise level at 1 MHz. The QC mode istage of the EDAd mode, but appears at 0.68 s, 70 ms into
prominent for the EDA4-mode spectrum, and the broadbandthe EDAH mode. It begins at 180 kHz, decreasing to 125
fluctuations have a shoulder centered at 600 kHz separatirigdz in 100 ms where it stays for the remainder of the EDA
two slopes. The high frequency slope is visible up to 2 MHz.H mode. The second plot from the top shows the QC mode
Multiplying the L-mode frequencies by two in this case kg. The averageks from 0.85 to 0.95 s is —4(8.1) cm™?,
brings the spectra into approximate agreement, see the righterresponding to phase velocitiegs=w/kzg=-2.0(1.5km/s.
hand plot in Fig. 10. The shoulder at large positive waveWe show the core toroidal velocity, measured by a tangen-
numbers is averaged out by a corresponding dip at large
negative wave numbers when we average over all wave

numbers, see Fig. 7. Spectra at smaller wave numbers, both Y S L
positive and negative, do not have distinct features. r 1
Integrating the wave-number-frequency spectra shown in - 1
Fig. 9 over frequency, we arrive at wave-number spectra, see I ]
El
5
10° :.'. i i i 10 :': i i i 3 O 01
i i [) O1F —
—_ K E - R g a ]
s S w0 g I :
5 ® = I ]
k<] ke)
2 2 . ]
107 L L L 1078 L L L r q
05 1.0 15 05 10 15 . . .
Frequency [MHz] Frequency [MHz] -5 0 5
FIG. 10. Left: Autopower spectra &k=5.2 cmi* for L mode (solid line) Wavenumber [cm]

and EDAH mode(dotted ling. Right: Same spectra as in the left-hand plot,

but the frequency scale of tHemode spectrum has been multiplied by a FIG. 11. Wave-number spectra farmode (diamond$ and EDAH mode
factor of two. The spectra are averaged over 10 ms and showraviitkHz (triangles. The spectra are integrated from 20 kHz to 2 MHz and averaged
frequency resolution. over 10 ms.

Downloaded 05 May 2005 to 198.125.178.190. Redistribution subject to AIP license or copyright, see http:/pop.aip.org/pop/copyright.jsp



052512-7 Characterization of core and edge turbulence... Phys. Plasmas 12, 052512 (2005)

Frequency [kHz]

5o PHCHINMLY FIG. 12. (Colon. Tracking of the
0.6 - 0.7 0.8 0.9 1.0 dominant QC-mode wave number and
frequency vs time. In the top plot we

display the frequency where the two-
dimensional Fourier transform spectra

8

6 - | ‘ \‘ ] . ; .
; i : M bl ol il \ . have a maximum in the frequency in-
Wavenumber [Cm 1] #‘1{|‘ ” l" X \‘l ! I'HHM\ H'i"'m‘w W“l“H“*W""' \ L terval shown. The frequency resolu-
P il H tion is 5 kHz, time resolution 1 ms. In
the second plot from the top we show

9 the correspondinggz. For the two top

plots, the red(black traces are for

85 . negative (positive kg. The third plot
: from the top shows the core toroidal
Core A [km/s] . velocity and the bottom plot shows

wave forms of stored energiplack),

0.6 0.7 0.8 0.9 1.0

—40 : ICRF power(red), andD,, light (blue).
0'6: o7 08 L 1.0 The vertical dashed line marks the
_/ transition fromL to EDA H mode.
W/D, /P, :
[
0.6 0.7 0.8 0.9 1.0
Time [s]

tially viewing x-ray crystal spectrometer syst&hi' in the  should be reversed, i.e., the larg&stocated at the bottom
third plot from the top. This diagnostic provides absoluje  of the plasma’ Using the found poloidal wave numbers we
measurements of injected argon impurities with a spatiatan estimatdés, at the QC-mode position using Ed.1) and
resolution of 2 cm. The velocity is close to zeroliimode,  assuming that the observed frequency is exclusively due to
but the plasma begins to rotate in the positieecurrent  the Doppler shiftE, ,,=-16 kV/m andE; ;o,=—11 kV/m.
direction after entering the EDAd mode. The velocity

reaches steady state, which in this case is 70 km/s, after

about 150 ms. Toroidal rotation is measured at three radiit- Cross diagnostic correlations

corresponding tgp=r/a of 0.0, 0.3, and 0.6. Information In the preceding section we focused on the new PCI
from a fourth position is also available at the sawtooth invermeasurements of density fluctuations durlngnd EDAH

sion fadiUS(P~0-2)2 using measurements of rotating mag- mode. We now correlate those measurements with fluctua-
netic perturbationd? Generally it is found that toroidal rota- tions in D,, light andB,, the lines-of-sight are shown in Fig.
tion moves from the outside in, suggesting an edge source @. At the end of the present section, we investigate the cor-
toroidal momentum propagating towards the plasma core orelation between density fluctuations and the electron tem-

a time scale longer than the EDA-mode energy confine- perature measured by electron cyclotron emis$BAE).>*
ment time 7==85 ms> Eventually, the toroidal rotation

settles with a flat profile in EDA4 mode.
The measured QC-mode wave numbers along the major 100 T . T T g
radius can be converted to poloidal wave numbers: :

ko=kglsinal, (13

where a=arctariBg/B,) is the angle between vertical and a
flux surface®’® If we use the intersection between the last
closed flux surfacéLCFS) and R=0.7 m, we find thaiy,,,

=52° anday,,=—61°, see Fig. 13. The flux surface angle is
evaluated at the LCFS because the QC mode has been pin-
pointed to exist there by spatially localized fluctuation mea-
surements, e.g., reflectomelryprobes!’ and gas-puff
imaging®® Using these angles and E(L3) we find that
Kgpo==3.2 cmT* and k,,=4.5 cn™. The discrepancy of p

1.3 cm™ between top and bottom is currently not underStOOdFIG. 13. Flux surface angle vs p for shot 104 03 10 007 &=0.7 m and

a_-nd a tOPiC.Of active inVefStiga:tion- If the QC-mode fluctua-g g s The vertical dashed line indicates the LCFS and the diamond marks a
tions are aligned along field lingk -B=0) the asymmetry point beyond the bottom of the plashzs—0.4 m.

o [degrees]

_50 -

—100l . . . . :
00 02 04 06 08 10 12
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FIG. 14. (Color). Left: Cross correla-

tion betweerD,, light and density fluc-

0.5 tuation band powers from PGthan-
nel 17 vs band central frequency and

7 (units of 0.5 m$. Right: Cross cor-
relation between the poloidal magnetic
field and density fluctuation band
-0.5 powers from PCI vs band central fre-

quency andr (units of 0.5 mg The

N
o
N
o

0.0

Time lag [ms]
o o o
Time lag [ms]
© o o

20 ; . ' 10 -20 : - cross correlations in both plots are cal-
T N ] o culated using a 100 ms time window
05 10 1.5 05 1.0 1.5 centered on the transition from to
Frequency [MHz] Frequency [MHz] EDA H mode.

For the figures shown in this section, we use the PCkign where the correlation has a maximum has reversed com-
measurements from core channel 17 as«tberies in Eq(9),  pared to theD -light analysis: Now, the correlation peaks for
so correlations at positivénegative time lagsT mean that  r=-10 ms, i.e., magnetic fluctuations are measured 10 ms
density fluctuations integrated along this chord occur firshefore the density fluctuations. Further, the maximum corre-
(las. lation occurs at higher PCI frequencies, between 1.1 and 1.5

Shown in Fig. 14 is the correlation between PCI bandyz, The observation of two features separated in frequency
powers[see Eq.(2)] and D, light (left-hand plot or By gkt pe linked to the two slopes at fixed wave number in
(right-hand plor. The PCI signals are calculated in 50 kHz EDA H mode, see Fig. 10. In W7-AS lowénighed frequen-

bands and the time resolution of all quant_mes is 0.5 ms. FO{%ies originated outsidénside the LCFS and were rotating
each PCI frequency band, we correlate with the rms value a . o7 35
In the ion(electror) DD direction:

D, light or B. So, only the PCI measurements are frequency . .
resolved for the correlations studied. The length of the series Correlations between the PCI band-power integrated

used is 100 ms, 50 ms on either side of theto EDA from 20 kHz to 2 MHz and 11 ECE chanpels covering the
H-mode transitior(from 0.56 to 0.66 5 The QC mode is not outer half of the plasma are shown_ln Fig. 15. The ECE
strong during this interval, so it is not visible in the correla- Measurements are from the grating polychromator 2
tions. We show time lags up to 25 ms and PCI frequencie§ystem.” The structure is rather uniform all the way from the
up to 2 MHz. core to the edge ECE channels, the maximum correlation is

In the left-hand plot of Fig. 14, two features separated incentered atr=-10 ms, so the temperature starts to rise be-
frequency are visible: A low frequency correlation betweenfore the density fluctuations react at theto EDA H-mode
100 and 400 kHz, where the maximum correlation occurs fotransition?’ The temperature reacts to the ICRF heating im-
zero 7, and another region extending from 600 kHz to be-mediately as it is ramped uffrom 0.6 9, but the density
yond 2 MHz. These high frequency correlations are also cerfluctuations do not respond to the external heating until it
tered at zeror at the lowest frequencies, but the maximum results in the.- to EDA H-mode transition.
shifts to 7=10 ms at higher frequencies, which means that
the PCI turbulence precedes tBe-light fluctuations by 10
ms. This transition inr takes place in the vicinity of 800
kHz. The time scale of the correlations as defined by the full
width at half maximum(FWHM) is associated with the tem-
poral evolution of thd.- to EDA H-mode transition, not with
single turbulent events. Those events would have lifetimes of
order a few microseconds and should be studied by calculat-
ing, e.g., autocorrelation functions using the PCI data exclu-
sively. However, due to triggering issugsw resolvegwith
the data presented here, our interdiagnostic accuracy was
limited to about +10Qus. Correlations could be investigated
separately in. and EDAH mode as has been done foand
ELM-free H modes in W7-AS28

In the right-hand plot of Fig. 14, two features separated
in frequency are also observed. The overall correlation am-
plitudes are somewhat reduced with respect toRhdight
ones. Maximum correlation for the low frequency feature
between magnetic and density fluctuations is at zeral- FIG. 15. (Color. Cross correlation between temperatures and density fluc-
though somewhat asymmetric in time |ag: A h|gh correlationtuation band power from PClchannel 17, integrated from 20 kHz to 2

f : _MHz) vs the position of the temperature measurementsrafuthits of 0.5
remains for negativer, where PCI measurements are de ms). The vertical line shows the position of the LCFS from EFIT. The cross

layed, so the decay of density ﬂUCtluationS is slower than thalyrrelations are calculated using a 100 ms time window centered on the
of magnetic turbulence. For the high frequency feature, theansition fromL to EDA H mode.

Time lag [ms]

I 1 I I I —1.04
0.70 0.75 0.80 0.85 0.90

R [m]
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070 0.75 0.80 0.85 0.90 FIG. 17. (Color). Bremsstrahlung profiles covering 25 ms at the transition

R [m] from EDA H to L mode. The profiles are colorcoded so that red is the first

time slice(EDA H mode and black the lasL mode. The two vertical lines

FIG. 16. Thomson scattering density profileslinmode (diamond$ and  indicate the magnetic axideft) and the LCFS(right) from EFIT.

EDA H mode (triangles. The two vertical lines indicate the magnetic axis

(left) and the LCFSright) from EFIT. The cutoff density for the 132 GHz

reflectometer channel is shown as a dashed horizontal line. . . .
localized atR ~0.85 m inL mode. So, the fluctuations ob-
served are localized further inside the LCFS as time passes.

In Fig. 18 we show the spectrogram of the 132 GHz

IV. EDA H- TO L-MODE BACKTRANSITION reflectometer channel for the discharge with backtransitions.
_ . . Two prominent features are visiblé) The QC mode is seen
A. Localized density fluctuations during EDAH mode, including second and third harmonics

We now shift our attention to the backtransition from and(ii) strong broadband turbulence is observed imode.
EDA H mode toL mode, the so-called EN modésee the The harmonics observed are not “real” and are due to the
wave forms in Fig. 2. After the backtransition a strong in-following effect: The phase delay detected by the PCI diag-
crease in the neutron rate is observed, see the trace in tR@stic is much smaller thas, but comparable tar for re-
bottom plot of Fig. 2, leading to the backtransition beingflectometry. This is because the probing wavelength of the
dubbed the EN-mode. The basic evolution of the densityeflectometry systeni2.3 mm at 132 GHis much longer
profile during the EN mode is shown in Fig. 16: The EDA than the CQ laser wavelength employed by PQI0.6 um)
H-mode profile is flat in the core and has a very steep graand the phase change is proportional to wavelength. So the
dient at the plasma edge. Themode profile shown was amplitude of the microwave is refracted by and scattered
measured 6 ms after the backtransition as defined by th&om the QC mode. Since both the amplitude and phase of
increase ofD,-light emission. The central density has not the microwaves are affected by the QC mode, calculating the
been affected at this point in time, but the edge density hakourier transform leads to the appearance of harmonics in
decreased by a factor of 2. The enhanced neutron rate Hte autopower spectra as seen in Fig. 18. PCI spectrograms
fixed central density implies that the central ion temperaturdrom the same shanot shown show no signs of harmonics.
has increased—in spite of the apparently increased particléroadband turbulence during the EN mode does not appear
transport in the outer part of the plasma. The implied reducto develop over time, the spectral shape is unchanged. It is
tion in ion thermal transport might well be related to theinteresting to note that the QC mode weakens and finally
increased density gradient, which is known to have a stabi-
lizing influence on ion temperature gradient driven modes.

The disadvantage of the Thomson scattering profile mea- : i !
surements is the limited time resolution, in this case 33 ms. 400 £ § i iyl
To show the backtransition with higher temporal and spatial if ‘ ‘W
resolution we therefore additionally use visible bremsstrah-
lung measurements, see Fig. 17. For those, the temporal
resolution is 0.5 ms and the spatial resolution is 1 mm. A
complicating factor in the bremsstrahlung profiles is that
they contain information not only on the density, but also the
square root of the effective plasma chargg; However, the
bremsstrahlung profiles provide the reader with a better sense

Frequency [kHz]

of the density depletion in the outer portion of the plasma W/D /P, ﬁ -l
(whereZg=1) following the backtransition. ST 930 %0 140
One of the new reflectometer channels has a frequency Time [s]

of 132 GHz, corresponding to a cutoff density of 2.2
% 107° m™3. This value is shown as a horizontal dashed lineFIG. 18. (Colon. Main plot: Spectrogram of the 132 GHz reflectometer

: : : :+.channel vs time. The color scale is logarithmic, time resolution is 1 ms, and
in Fig. 16. As seen from the Thomson scattering denSIt)?requency resolution is 5 kHz. The vertical dashed line marks the transition

p_rofiles, _the reflecting layer moves from the steep edge denfm EDA H to L mode studied. Bottom plot: Traces of stored energy
sity gradient in EDAH mode to being above the pedestal and(black, ICRF power(red, andD,, light (blue).
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1.0 5 z u u z 1.0 FIG. 19. (Color). Left: Cross correla-
tion betweerD,, light and density fluc-
25| 1 0s tuation band powers from the 132
: GHz reflectometer channel vs band
central frequency and (units of 0.5
ms). Right: Cross correlation between
the poloidal magnetic field and density
fluctuation band powers from the 132
GHz reflectometer channel vs band
central frequency and (units of 0.5
N i0 5 ; . . ; ms). The cross correlations are calcu-
100 200 300 400 100 200 300 400 lated using a 20 ms time window cen-
tered on the transition from EDA to
Frequency [kHz] Frequency [kHz] L mode.

0.0

Time lag [ms]
Time lag [ms]

—0.5

disappears in the EDA modes before the backtransitions, higher frequencies change first at the backtransition, but for
as has been reported previou%ﬁihis is a real phenomenon; all frequencies the transition is observed in the magnetic
it does not happen because the plasma density changes so theasurements first.

cutoff layer moves away from the QC-mode position. That  Correlations between PCI band powers integrated from

has been verified by PCI measurements for the discharge ¥y kHz to 2 MHz for 31 PCI chords and the rms amplitude
question, where the QC mode vanishes earlier than the backy (e 135 GHz reflectometer signal are shown in Fig. 20.

transitions as well. The reflectometry data has been high pass filtered at 20 kHz.
The prominent anticorrelation seen in the central PCI chan-
nels is due to two separate events at the backtransition: The

We wish to employ correlation techniques to the ENreflectometry amplitude decreases immediately before the
mode in this section, as we did for the study of theto backtransitionmainly because the QC mode weakertlsen
EDA H-mode transition in Sec. Il B. increases following the transition tomode. Conversely, the

In Fig. 19, we use the 132 GHz reflectometry measurepC| signals increase at the backtransition and decay after a
ments as the series in Eq(9), so correlations at positive prief peak in the band power. The changes in reflectometry

(negativé time lagsT mean that the localized density fluc- ccyr about 1 ms before PCI reacts. The anticorrelation has a
tuations occur firstllasy. The reflectometry measurements minimum for 7=-1 ms and the PCI structure is probably

are correlated witi, light (left-hand plo} or B, (right-hand . _localized in the plasma core, since the anticorrelated struc-

o r1ure is limited to the central portion of the PCI coverage. The
of all quantities is 0.5 ms. For each reflectometer frequenc%_d h of th . bl he si f
band, we correlate with the rms valuedf, light or B,. The idth of the structure is comparable to the size of gl

length of the series used is 20 ms, 10 ms on either side of theHrface.

EDA H- to L-mode transition(from 1.145 to 1.165)s We

show time lags up to £5 ms, frequencies up to 500 kHz.

In the left-hand plot of Fig. 19, one main structure is

apparent, a strong correlation having a maximum for 5 : : : , : 10—

=-2 ms at 100 kHz and a maximum for zero time lag at 500

kHz. So reflectometry measurements in the 100 kHz range

are delayed 2 ms relative @, light. This difference de- 25 0.5

creases for higher frequencies and finally disappears. It can

be interpreted to mean that higher frequency fluctuations are

observed first at the backtransitiéand at the same time as

the D, light sees the transitignfollowed by the lower fre-

quencies. The FWHM of the cross correlation is an indica- 25 0 5I

tion of the intrinsic time scale of the backtransition. For the ' ‘ ‘

lowest reflectometer band power, 0 to 50 kHz, there is a

strong anticorrelation between density abglight fluctua- 5 i ; : ; ; 1.0

tions, i.e., the reflectometer signal drops whereas the 0.66 0.68 0.70 0.72 0.74

D -light signal increases. R(m]

the Igi:tggf:glils:obvé ?\/Jz;:erer;lger::tt(?rig?efllg;r?(; El)gweli I:rgtf 20. (Color). Cross correlation bgtween PCI band powers integrated

m 20 kHz to 2 MHz and the amplitude of the 132 GHz reflectometer

magnetic fluctuations. It is similar to the one found for thechannel vs the major radius of the PCI chords ar(dnits of 0.5 m3 The

correlation withD,, light, but the maximum correlation is Vvertical line shows the position of the magnetic axis from EFIT. The reflec-

shifted towards larger negative values of time lag, %0 tometer signal ha§ been high pass fllyered at 20 kHz. The cross cgrrelatnons
- . are calculated using a 20 ms time window centered on the transition from

=-5 ms for the maximum at 100 kHz white=—1 ms at 500  gpa H to L mode. The correlation for channel 7 was left out due to an

kHz. Again, this points towards the tentative conclusion thatlectronics fault inside the detector.

B. Cross diagnostic correlations

0.0

Time lag [ms]
o
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S FIG. 21. Left: Band power of a core
S = ol PCI channel(17) vs time for shot
o 3 104 03 10 007. The band power has
ﬁ» S been normalized by the line integrated
,é @ _density squared. The frequ_ency range
= z is [20 kHz, 2 MHZ and the time reso-
o 8 lution is 1 ms. The vertical dashed i
2 oo e ution is 1 ms. The vertical dashed line
° jo) marks the transition fromh to EDAH
-8' g mode. Right: Band power of the 132
6 L GHz reflectometer channel vs time for
Pl Loaeed shot 104 0310 021. The frequency
5.7 982 range is[20 kHz, 500 kH% and the
D, [a.u] D.[a.u] time resolution is 1 ms. The vertical
33 %% 07 08 03 10 293 11 T2 1.3 1.4 dashed line marks the transition from
Time [s] Time [s] EDA H- to L-mode studied.
V. DISCUSSION C-Mod. A resistiveX-point mode with characteristics close
A. Fluctuations in L and EDA H mode to those of the QC mode was identified using BOUT. How-

ever, the mode found in the simulations also predicted ac-

We would like to discuss some of the physics implica-companying modes at frequencies in the vicinity of 1 M¥iz.
tions that our measurements reported in this paper have. Before the PCI upgrade this prediction could not be verified,

First of all, the interpretation of power spectra con-since the Nyquist frequency of the old system was 500 kHz.
structed from PCIl and reflectometry is different; PCI SpeCtra—k)WQ\/er, our new measurements show that no coherent
are proportional tash? and reflectometry spectra are propor- modes of order 1 MHz are present in EBAmode, see Fig.
tional to (én./ny)* as we explained in Sec. Il @ This has 7. This prompted a revision of the BOUT code, where sev-
the consequence that a direct comparison of the PCI angral problems were identified and correctédn the new
reflectometry spectra shown to this point is not meaningfulyersion of the code, the high frequency features no longer
One can calculate an approximate measure of the relativgppear, but the QC mode is still successfully modeled. This
PCI density fluctuation level by dividing the spectra by theexample shows how fruitful direct comparisons between tur-
square of the line integrated density, see the left-hand plot iBulence simulations and measurements can be; we will con-
Fig. 21. The PCI band power normalized by density square@inue along this path in future work. Linear gyrokinetic simu-
shows a clear drop at tHe to EDA H-mode transition, but |ations addressing broadband turbulencelimnd EDA H
subsequently increases and reachesltimieode level at the mode have been initiated, showing that ion temperature gra-
time when the QC mode appears, at about 70 ms into thgient driven modes exist in the outer half of the plasma both
EDA H mode. During the remainder of the shot the relativein L and EDAH mode?*® This work will be extended to
density fluctuation level does not develop significantly. Theinclude nonlinear gyrokinetic simulations of a wide variety
main reason that the relative fluctuation level is comparablef C-Mod plasmas.
for L and EDA H mode is the QC mode. Broadband  We have interpreted our measured turbulence autopower
turbulence—after normalizing—actually decreases stronglgpectra as having a significant shift due to Doppler rotation.
at theL- to EDA H-mode transition, consistent with a sup- |f one assumes that the frequencies observed by PCI are
pression of broadband turbulence associated with the transjominated by the Doppler shifE, measurements could lo-
tion. So what is observed is a combination of a drop incalize the region from which the turbulence originates, see,
broadband turbulence and an increase in turbulence due &g. Ref. 44. Until now, detaileH, profiles have not been
the QC mode. We should note that normalizing the PCI specmeasured in C-Mod, but a new charge exchange recombina-
tra using density squared is a somewhat coarse approadfbn spectroscopy system has become operatitrgtis di-
since the PCI measurement is integrated along a chord ovegnostic will enable measurements Bf profiles and shed
which the relative density fluctuation level is known to vary, light on the location of the PCI measurements.
see EQ.(14) in Sec. V B. The right-hand plot in Fig. 21
shows reflectometry band power, a quantity that represenE Future analysis and experiments
the localized relative density fluctuation level squared. The™
two L modes are clearly distinguishable from the three EDA  This paper is meant to present new diagnostic capabili-
H modes, but again we find that the total fluctuation level inties of PCI and reflectometry in C-Mod leading to an im-
the two confinement regimes is comparable, especially wheproved understanding of the behavior of turbulence at the
a strong QC mode is present as in the final EBAode. So transition fromL to EDA H mode and back. The analysis
reflectometry measurements are also dominated by two efeols used in this paper can be expanded upon significantly,
fects at theL- to EDA H-mode transition: A decrease in both by employing other techniques and by examining other
broadband turbulence and an increase due to the QC modeeasurements.

An important outcome of the high frequency PClI mea-  In terms of additional tasks specific to PCl, we can use
surements has to do with comparisons to turbulence codethe sound burst to calculate absolutely calibrated density
For example, the boundary plasma turbulen®OUT) fluctuations along the chords in units of fn Autocorrela-
codé%* has been used to simulate EDA modes in tions can be studied to obtain information on the lifetime of
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FIG. 22. (Color). Left: Thomson scattering density profileslirmode(black diamondsand EDAH mode(red triangles The two vertical lines indicate the
magnetic axigleft) and the LCFSright) from EFIT. The cutoff densities for the 88 and 132 GHz reflectometer channels are shown as dashed horizontal lines.
Right: The main plot shows the spectrogram of the 88 GHz reflectometer channel vs time. The colorscale is logarithmic, time resolution 1 ms aynd frequenc
resolution 5 kHz. The vertical dashed line marks the transition iramEDA H mode studied. The bottom plot displays traces of stored eribtagk), ICRF
power(red, andD,, light (blue).

single turbulent eventéof order a few microsecongisThe  discharge and measure localized turbulence at the barrier us-
large number of PCI chords should also make it possible ting reflectometry. Additionally, line integrated density fluc-
do what we call “brute force localization.” Assuming a func- tuations will be monitored using PCI.
tional form of the relative fluctuation level ys Analysis that can be applied to both the reflectometry
and PCI diagnostics is the calculation of cross-power
spectréi0 between channels to study correlated structures.
Correlations on faster time scales within one diagnostic
might provide additional information on those structures.
whereb,c, and p are fit parameterzsg,‘46 and entering this Separate correlations in and EDAH mode on time scales
expression into the equation for the line integrated PCI meafaster than 0.5 ms should be studied. Statistical analysis to
surements, we can obtain the fluctuation profile. Localizednvestigate various moments of the probability distribution
small-angle scattering measurements have previously bedonction (e.g., the variangeremains to be performed.
used in conjunction with Eq(14) to calculate turbulence
profiles in both the Tore Supra tokanfak®*’ and the
W7-AS stellaratof®***4To model EDAH-mode turbulence
profiles we would add another term describing the position, We would like to sketch the planned upgrades to the PCI
width, and amplitude of the QC mode to the right-hand sideand reflectometry diagnostics over the next couple of years.
of Eq. (14). PCI has already received an extensive overhaul during
As far as reflectometry is concerned, we will pursue ob-2003-2004, including the installation of a new acousto-
servations related to ITBs using the new high frequencyoptical modulator to detect ICRF generated waves, an in-
channels. That includes a more comprehensive study of Elrease in the amount of channels from 12 to 32, new broad-
modes and other transient ITBs such as those created and preamplifiers and fast data acquisition. A few tasks
lithium pellets?® The problem with steady-state ITBs from remain to be done for the current setup, including measure-
the reflectometry point of view is high edge densities pre-ments of the frequency response of the detedtoosninally
venting measurements localized in the vicinity of the ITB. sensitive to 10 MHgand an increase of the bias current to
This is an issue both for Ohmic ITBs and ITBs created usinghe detectors from 10 to 35 mA, the detector spec. The abil-
off-axis ICRF heating. However, low density ICRF heatedity to increase the bias current has already been built into our
EDA H-mode plasmas have been created by reducing theew preamplifiers. A new CQOlaser has been installed, in-
plasma current to 600 kKA. The EDA mode is a prerequisite creasing our laser power from 25 W to 60 W. All the steps
for the formation of steady-state ITBs in C-Mod. In the left- described above will increase the signal-to-noise ratio. Modi-
hand plot of Fig. 22 we show Thomson scattering densityfications to the optics will be made to increase the maximum
profiles in one of these low density discharges, both and kg to 30 cm? (from the current maximum of 8 cih). The
EDA H mode. During the EDAd mode, the pedestal density main purpose of this upgrade is to investigate whether elec-
remains far below the 132 GHz reflectometer cutoff, so thisgron temperature gradiefETG) driven turbulenc > exists
type of shot is suitable as a target for low density ITB plas-at these small scales. ETG modes are predicted to be found at
mas where the high frequency reflectometer channels wouldigh frequencies, so our data acquisition system supports the
reflect off the ITB. The existence of a strong EDAmode is  option of sampling fewer channels faster, e.g., we can sample
confirmed by reflectometry measurements at 88 GHz showt6 channels at 20 MHz instead of all 32 channels at 10 MHz.
in the right-hand plot of Fig. 22. Two EDA modes sepa- Vertical localization of the PCI measurements will be at-
rated by a briel. mode are seen, 88 GHz corresponds to aempted following the technique demonstrated in
density of 0.96< 102° m=3. During the current experimental Heliotron-E>® The method relies on the fact that the pitch
campaign, we plan to construct this type of low density ITBangle 3=arctariBg/B,) of the magnetic field changes along

an(p)

o) =b+cpP, (14)

C. Diagnostic upgrades
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modifications of thee X B rotation of the bulk plasma. Cross
diagnostic correlations using additional fluctuation measure-
ments ofD, light and B, showed separate features in two
different frequency ranges at the transition. In W7-AS, two
features separated in frequency originated inside and outside
the LCFS. Correlations with the electron temperature lead to
the observation that the electron temperature began to react
well before PCI fluctuations at tHe- to EDA H-mode tran-
sition.

The EN mode was investigated by new high frequency
(132 and 140 GHzO-mode reflectometer channels. This ad-
ditional hardware was installed in an effort to study localized

P turbulence associated with ITBs. The EN mode was a suit-
F16. 23, Pitch anales v o for shot 104 03 10 007 R=0.7 m and 0.9 s able candidate for this study, since an ITB exists transiently
The‘veriical dashegdeﬁne ilrjldicates the LCFS and the dia.mond mark‘s a.poirﬁ,s the Ol‘_ner density decreases much fasj[er than the core den-
beyond the bottom of the plasnzs-0.4 m. sity in this mode. The fact that the density decays from the
outside inward allowed us to study fluctuations progressing
towards the plasma core. Our results mark the first localized

a vertical chord passing through the plasma, see Fig. 2®bservation of the QC mode at medium density: 2.2

Since fluctuation wave numbers are mainly perpendicular to< 10?2 m™ (132 GH3. Correlating the reflectometry mea-

the field lines, they also rotate from the bottom to the top ofsurements with other fluctuating quantities provided some

the plasmd?® This rotation is imaged onto the phase plateinsight regarding the causality of the EN-mode development.

used in the PCI system, so by partially masking that phase Our analysis of “vanilla” turbulence in this paper forms

plate we can select a vertical region of interest. a useful baseline for future investigations of turbulence at
The 0rigina| AM reﬂectometry system on C-Mod con- more “exotic” confinement transitions in C-Mod.

sisted of five fixed frequency channels from 50 to 110 GHz.

That system could be used both for density profile and flucACKNOWLEDGMENTS

tuation measurements, although the sensitivity to turbulence
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