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The origin of large scale density fluctuations and their role in electron transport has been
investigated in the Madison Symmetric Torus reversed-field giRciN. Dexteret al.,, Fusion Tech.

19, 131(1991)]. At medium frequencies (10—30 kHa is associated with core-resonant magnetic
fluctuations having poloidal mode number=1 and toroidal mode numbers=6-10. These
chord-averaged density fluctuations are shown to be coherent with large scale radial flow
fluctuations, permitting fluctuation-induced particle flux of the fqima, ) to be studied. In the edge,
although amplitudes are large,andv, are out of phase, consistent with advection of the mean
density gradient by perturbed magnetic field lines and no electron transport. During improved
confinement discharges, produced by inductive current drive, both fluctuation amplitudes and the
total radial electron flux are greatly reduced over the entire plasma cross sectioB001©
American Institute of Physics[DOI: 10.1063/1.1378328

I. INTRODUCTION spectral content and underlying cause of the measured den-

The strat f ing fluctuation-induced elect sity fluctuations, the link between these fluctuations and elec-
€ strategy Tor managing fluctuation-induced electron,,, transport, and the reduction of both fluctuations and

transport in magnetically confined plasmas consists of threglectron transport via current profile modification.
parts: characterizing the origin of density fluctuations, under- To understand the origin of the measured density fluc-

nding the link n th fl ion n lectr . - . .
standing the between these fluctuations and elec 0?uanons, we make extensive use of correlation techniques.

transport, and developing methods for controlling the fluc- ! : ) . :
P ping . 9 .~ Correlations between toroidally and poloidally displaced in-
tuations that cause transport. These issues are of particular

importance for the reversed-field pind®RFP® in which terferometer chords yield toroidal and poloidal wave number
magnetic and electrostatic fluctuations are believed to drivépecua' The links between magnetic and density fluctuations

substantial particle and energy transport. Although there i€'€ investigated py correlat!ng individual ,FlR chord; with an
much circumstantial evidence for fluctuation-induced elec&7@ 0f magnetic coils. Finally, we gain insight into the
tron transport throughout the plasma, direct measuremenf¥i9in of density fluctuations by correlating the interferom-
have been limited to the plasma edge. These studies cofter chords with chordal measurements of the radial flow
cluded that the particfeand heat transport due to magnetic Velocity. Moreover, this correlated product of density and
fluctuations are both small in the edge of the RFP but thafadial velocity fluctuations also yields an important compo-
electrostatic fluctuation-induced particle transport is 14rge. Nent of the fluctuation-induced particle flux.
The best indication that fluctuations contribute to transport in ~ Using these techniques in the Madison Symmetric Torus
the core comes from the observation that modifying the cur{MST),*® we find that large-scale density fluctuatioms all
rent density profile to reduce core-resonant magnetic fluctuaaaturally into three groups corresponding to low, medium,
tions also reduces anomalous energy and particland high frequencies. Low frequency fluctuations 10
transporf 8 kHz) result from both time variation of the spatial mean and
In this paper, we examine large-scale density fluctuapoloidally symmetric fluctuations resonant in the edge. Den-
tions throughout the plasma using a high speed multichordity fluctuations at medium frequencies (10—-30 kHare
far-infrared (FIR) laser interferometer. Interferometry has coherent with the core-resonant magnetic tearing modes and
been used previously to study density fluctuatiohsand  have poloidal mode numben=1 and toroidal mode num-
their relationship to transpdft **for standard discharges in bersn=6-10. Though resonant in the core, these fluctua-
the ZT-40M RFP™ In the present study, we investigate the tions are truly global, extending out to the edge, and play a
central role in RFP confinement. At frequencies above 30

dElectronic mail: nlanier@lanl.gov kHz, n is composed primarily of edgen=1 fluctuations
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with a broad toroidal mode number spectrum.

In the medium frequency range, density and magnetic
fluctuations are very coherent. By correlating individual in-
terferometer chords with individual toroidal harmonics, ob-
tained from a magnetic coil array, we can extract the density
fluctuation associated with each core-resonant mode. Upon
inversion we obtain radial profiles of the density fluctuation
amplitude. We observe that the density fluctuation profilesFIG. 1. The 11 FIR chords are segmented into two arrays separated toroi-
are generally hollow and are more hollow for larger toroidaldally by 5°.
mode numbers. The hollow profiles are the result of a large

advective component—the large equilibrium density gradien | ion-induced el fUX i din Sec. VI. Fi
in the edge being deformed in space by the perturbed ma ctuation-induced electron flux Is presented In Sec. V1. Fi-

ally in Sec. VII, we report on the reduction of density fluc-

for highern numbers is consistent with the expectation fromtuatmns_ e total_ electron fluxes in d|sc_harges .V.V'th reduced
magnetic fluctuations and transport during auxiliary current

magnetohydrodynami@MiHD) computation that the peak of . .

. . . . . . drive experiments.
the radial magnetic fluctuation profiles move out in radius for
highern.

Chord-integrated density and radial velocity fluctuationll. DIAGNOSTICS

measurements are also coherent in the medium frequency Determination of the density fluctuation origin and the

range, thus permitting fluctuation-induced transpériv())  yesyiting fluctuation-induced transport requires simultaneous
resulting from core-resonant modes to be studied. In theneasurements of density, radial velocity, and magnetic field
edge,n andv, have large amplitudes but arg2 rad out of  fluctuations, as well as the electron ionization source profile.
phase, which is consistent with both advection of the meaFor a complete description of the diagnostics and analysis
density gradient by perturbed magnetic field lines and naechniques the reader is referred to Ref. 17. Here we briefly
particle transport. This, in combination with earlier probedescribe the interferometer used to measure density fluctua-

FIR Chord Placement

sHe®®

N2a Nog Ros P21 P3s

netic field lines. The fact that the profiles are more hollow

measurements, demonstrates that core-resonant modes do tiohs, the Doppler spectrometer for impurity ion flow veloc-
produce any measurable edge transport of any kind—ty fluctuations, and the magnetic coil array for magnetic
magnetic or electrostatic. In the core, the velocity measurefluctuations. We also describe tlik, and soft x-ray arrays
ments are difficult to interpret conclusivelgue to the ef- which provide a measure of the electron source profile based
fects of chord averagingout suggest that density and flow on electron ionization from neutral hydrogen or deuterium
fluctuations are in phase, implying fluctuation-induced elec-and impurities.

tron trgnsport by core-.res.onant modes. Estimates of COTR The far-infrared interferometer

fluctuation amplitudes indicate that the total electron flux

measured in the core could be accounted for by fluctuations The FIR laser interferometer is a vertically viewing het-
of this type. These measurements support the notion th&fodyne systeffi*® that measures chord-averaged electron
transport is accomplished by locally resonant modes. density (),

Using pulsed poloidal current drivePPCD in MST, L2
discharges with reduced magnetic fluctuations and improved n= f Ne(z)dz / L, (1)
confinement can be obtain&d We observe that the equilib- —Le2
rium radial electron flux is reduced more than an order ofwherez is the vertical coordinate, arldis the chord length
magnitude in these discharges. Concurrent with this changéhrough the plasma. The dual laser cavities are operated at
density fluctuations in all frequency ranges and at all radilavelengths near-432.5 um (694 GH2 with a 750 kHz
are reduced. Moreover in the medium frequency range, thixterference frequency. Eleven chords are separated into two
phase of the core-resonant density fluctuations change kytrays(Fig. 1), toroidally displaced by 5°, viewing impact
m/2 rad relative to the edge. This indicates a change in thgarameters ranging from/a=0.62 inboard tor/a=0.83
origin of the fluctuations and, when combined with the am-outboard, where is the plasma minor radiusa&0.52 m.
plitude reduction, a reduction of core fluctuation-inducedwith the assumption of up—down symmetry, these chord-
electron transport by core-resonant modes. This constitutdategrated measurements can be inverted to yield equilibrium
the first direct measurement of reduced core fluctuations anglectron density profiles.
electron transport in PPCD discharges. A digital phase extraction technigifé! is used to pro-

In what follows, we describe the diagnostitSec. 1)  vide a high frequency response for the study of density fluc-
and analysis techniquéSec. Ill) employed in this work. We tuations. With a maximum frequency response exceeding
then present in Sec. IV, the wave number and frequenc$00 kHz, the primary limitation of the system becomes the
decomposition of the measured density fluctuations. The rechord-averaged nature of the measurement, which severely
lationship between density and magnetic fluctuations, includattenuates the small-scale fluctuations with frequencies
ing radial profiles of individual core-resonant density fluc- greater than 200 kHz. This attenuation is observed when
tuations, is presented in Sec. V. The connection betweeoomparing the power spectra from the FIR and edge Lang-
density and velocity fluctuations and the resultingmuir probe measurements. Because of the insensitivity to
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FIG. 2. Impurity profiles 6C V and He Il for standard confinement low
current p|asma discharges‘ computed from MIST. FIG. 3. Average toroidal magnetic field vs time, i”UStrating the regularity of
sawteeth during the flattop phase of the discharge. Sawteeth provide excel-
lent benchmarks for ensemble averaging.

very high frequency, the FIR system is typically operated

with a frequency response of 250 kHz, which is well suitedhydrogen ionization in each chord, asymmetric sourcing is-

for the detection of the large-scale, lower frequeney30  sues become much less important when calculating the radial
kHz) fluctuations that are dominant in the MST. electron flux.

B. The lon Dynamics Spectrometer  (IDS) E. X-ray diagnostics

The lon Dynamics Spectrometéf® is a custom de- Plasma electrons are also generated by ionization of im-
signed, high throughput, Doppler spectrometer that measur@i‘?m'es' In MST, the dominant contributions arise from alu-
chord-averaged impurity ion temperature and flow. The fasflinum, carbon, and oxygen. Three soft x-ray filtered
time resolution 10 us) allows the IDS to resolve radial _spectrometer%fi collecting light from three chords viewing
velocity fluctuations relevant to fluctuation-induced trans-MmpPact parameters afa=0.02, 0.40, and 0.77, are used for
port. Though a chord-averaging diagnostic, radial localiza@Psolute flux measurements frokh shell fransiions of Al
tion can be enhanced by monitoring different impurities and!l: O VI, O VIll, C V, a_nd C VL. Transitions from these
charge states. For example, He II, which is primarily locatestates are well characterized, and the absolute flux measure-
atr/a>0.6 (Fig. 2), provides an excellent measurement of ments can be converted into impurity charge state densities.
3, in the edge. Measurements Bfin the core are made b This information, along with electron density and tempera-
vy In Ihe edge. ! L Y ture measurements, is used to constrain impurity fractions
monitoring C V, which has a broad, flat profile insid& of - . . 26
08 via the Multi-lon Species Transpo(misT) codes” In gen-

eral, electron sourcing from impurities in standard-

confinement discharges is negligible when compared to the
C. Magnetic coil arrays contribution from ionization of neutral hydrogen. However,
during PPCD, neutral hydrogen densities in the core drop to

The dominant magnetic fluctuations in MST arise from h low levels that ing f . ities b !
the core-resonant resistive tearing modes. These modes ajdch low levels that sourcing from impurities becomes im-

global and are monitored by an extensive array of magneti@ortant'
pickup coils located at the plasma boundary. A 32-positio
toroidal array and a 16-position poloidal array are availablg”' ANALYSIS TECHNIQUES

to monitor the equilibrium and fluctuating magnetic fields. Extensive signal analysis was employed to extract
The multicoil array permits the magnetic fluctuations to beensemble-averaged characteristics and radial profiles of the
decomposed into their Fourier harmonics, allowing the po-density fluctuations. In addition to the usual correlation tech-
loidal (m) and toroidal ) mode number spectra to be de- niques, outlined in Sec. lllA, we are able to compare the

termined. density fluctuations with individual toroidal harmonics of the
magnetic fluctuations measured with a 32-position coil array
D. Multichord H,(D,) array and extract a toroidal mode number spectrum of the coherent

density fluctuations. Once isolated, this coherent part, which

The electron source profile from neutral hydrogen oris related to the global magnetic fluctuations, is used to ex-
deuterium is measured with a nine-chord array of filteredract radial profiles of the density fluctuations from the
monochromators that detekt,(D,) emission. The mono- chordal measurementSec. Il B).
chromators, designed for simplicity, utilize a narrow band-A Fluctuation and correlation analvsis
pass filter and a high speed photodiode to make quantitative’ y
measurements dfl ,(D,) photons. For the temperatures of To obtain meaningful statistics, correlations between
MST plasmas, theH,) emission is proportional to the ion- fluctuating quantities are collected from large data en-
ization of neutral hydrogeff: Signals from the multichord sembles. For this technique to be effective, it is important
system are inverted to yield local source rates from neutrahat the parameters in each data sample be similar. Periodic
hydrogen. A novel feature of thid ,(D,) array is its collin-  relaxation events, or sawteeth, are a robust feature of MST
ear arrangement with the FIR interferometereaning the plasmas(Fig. 3). During the flattop phase of the discharge,
H, detector looks along the same chord as the FIR interferwhen the plasma is nearest to steady state, the sawtooth cycle
ometej. By simultaneously measuring electron density ands very regular. The sawtooth crash time is a natural refer-
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ence point about which to construct similar realizations. Dur- L2
ing PPCD discharges when the sawteeth are suppressed, re- |(X)= fﬁuz n(rycogwt+mo+neg+4(r))dz. (4)
alizations are chosen based on the PPCD firing time.

The correlation procedure for standard dischargediere,x represents the impact parameter of the chbrid,the
amounts to segmenting the data into windows centereghord’s path length through the plasma, and the vertical
around the sawtooth crash time. Realizati¢irs., data seg- coordinate. With a little algebra and a change in integration
ment$ are chosen which begin 2 ms prior to a sawtoothvariable, Eq.(4) can be expressed as
crash and end at the crash. If required, the signals are fre- -~ ~
quency filtered, and the correlated products are ensemble av- 1X)=lamdx)cOg 0t + N+ A(X)), ®)
eraged. This process yields a coherence amplitude and phasbere we have introduced a chord-integrated amplitude,
between the two fluctuating quantities and can be conducted

~ 2
in either the time or frequency domain. Correlations for 30)=2x fan(r)sln(ﬁ(r))dr
PPCD plasmas are conducted in an identical manner with the " x  \rZ=x?

exception that the time window is 3 ms wide, beginning 4 ms ~ 211/2

after PPCD starts. +( J'an(r)cos(é(r)) r) 1
Errors associated with this correlation technique are ac- X 12-%2

curately described by Poisson statistics. The noise baseline

for the coherence amplitude between two signals is inversel@nd Phase

proportional to the square root of the number of realizations a~ : [Ty 2

(i.e.,Ny~1/\{Ngvend. The baseline has significance in deter-  A(x)=tan * fx(~n(r)sm(5(r))/ i )drl. (7)

mining the reliability of the phase measurement. The relative Jx(n(rycog 8(r))/\Nre—x*)dr

phase has meaning only if the amplitude of coherence g ayiract the local densityn(r)]and phasés(r)] profiles,

above the noise. Most of the ensembles presented in _thlﬁe distill Egs.(6) and (7) into a more usable form. This is

study were obtained from over 400 events, yielding a noise . . ~ .
baseline of about 0.05. accomplished by relating the productslgf,{x) and the sine

In addition to determining general coherent similaritiesand cosine of the phase arriving at

(6)

between independent measurements, this correlation tech- _ _ an(r)sin(8(r))
nique can be used to isolate fluctuation components of a lamdX)SIN(A(X))= ﬁ (8)
specific helicity when a correlation with global magnetic X re=x

modes is present. Since the magnetic coil arrays are used émd

decompose the magnetic fluctuations, as measured at the ~

plasma edge, into their principal Fourier harmonics, correla- 7 _ (@n(r)cod 4(r))

: : , o lamg X)COLA(X)) = r. C)
tion between any harmonic and a fluctuating quantity yields Jré—x2

the coherent component with & given helicity. At this point, Egs.(8) and (9) can be inverted in a manner
similar to that outlined by Baff to yield

Once the coherent part of the density fluctuation with & (r)sin( 8(r))=— LJai( 'amrfx)s'n(A(X))) dx
givenm andn has been extracted, the local fluctuation pro- 7 dx 2x Xe=r
files can be determined. The inversion method is similar to (10
that used to obtain equilibrium density profiles with the ex-gngd

ception that the helical nature of the perturbation must be _
considered. For fluctuations known to be poloidally symmet~ 1 (ad [lapdx)cogA(x)) |  dX

ric (i.e., m=0), up/down symmetry is maintained and the n(r)cos(é(r))——;Jr &( 2X ) x2_r2’
inversion proceeds as it would for the equilibrium case. (12)
However the core-resonant tearing modes @are 1, and B lating the fluctuati t of the int ted elec-
with symmetry violated the inversion process must be modi- y correlating the fluctuating part of the integrated elec

fied. This is accomplished by assuming the density perturbat-ron density with a specific Fourier component of the mag-

tion takes the form of netic fluctuations (b)), the chord integrated density

- fluctuation amplitude I(;,) and phase4) can be isolated.
n(r)=no(r)+n(r)cogwt+mo+ne¢+4(r)), 2 Having obtained the producig,,sin(d) andT 4y,,cos@) for

where¢ and are toroidal and poloidal angles, an¢r) and ~ €ach chord, an Abel inversion is conducted, and the radial

5(r) are the radial functions of the amplitude and phase ofunctionsn(r) and 5(r) are extracted.

the density fluctuation.

A chord integrated measurement of this perturbation carl\/ DENSITY FLUCTUATION CHARACTERISTICS

be written as
B ~ During standard discharges, the chord-averaged density
1) =To(x) +1(x), ®) fluctuation amplitudes range from3% in the core to about
where 30% at the edgédFig. 4). The frequency spectra for three

B. Extracting density fluctuation profiles
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FIG. 4. Total chord-averaged electron density fluctuation amplitude from 1 Frequency (kHz)
to 100 kHz in both standard and high-confinement PPCD discharges. Aver- ) '
ages obtained from 405 standard and 243 PPCD discharges. FIG. 6. Coherence amplitud@ and phaseb) betweenr/a=—0.62 in-

board andr/a=0.83 outboard FIR chords. Both chords are at the same
toroidal angle. Ensemble consisted of 477 events with noise baseline of
~0.045.

different impact parameters/a=0.11, 0.54, and 0.83are

shown in Fig. 5. Clearly, the measurements at different radii
are sensing different fluctuations. The measured fluctuations
fall naturally into three groups: low<(10 kHz, medium
(10-30 kH3, and high &30 kH2) frequency. chords show definitively that these fluctuations exhibit an
Low frequency fluctuations are present at all radii. Cor-m=1 nature. From Figs. 7 and(8, one can see that the
relations between different FIR chor¢Big. 6) demonstrate toroidal mode number spectrum of these fluctuations peaks
that these fluctuations are highly coherent and in phaseroundn=6 and is broader than the spectrum at low fre-
across the entire plasma colunfire., m=even). Recalling quency. The frequency and wave-number characteristics of
that the interferometer is composed of 11 chords separatdtiese fluctuations correspond very well with the core-
into two toroidally spaced5°) vertical viewing arrays, two- resonant modes which dominate RFP behavior. In Sec. V,
point techniques can be applied to arrive at the toroidalve demonstrate that the density fluctuations in this frequency
mode-number spectrum. Figure 7 shows the average toroidehnge are indeed well correlated with global core-resonant
mode number versus frequency for an impact parameter ahagnetic fluctuations. The lack of appreciable signal in cen-
r/a=0.58. We see that for frequencies below 10 kHz, thetral channels is due to the insensitivity of these chords to
fluctuations are dominated by low toroidal mode numbersm=odd perturbations.
Figure 8a) shows the toroidal mode-number spectrum, at 3 Finally, we examine the character of fluctuations at fre-
kHz, for the same chord location. The spectrum is peake@uencies above 30 kHz. These exist in all chords to some
strongly atn=0, which corresponds to changes in the equi-extent but are present at large amplitude only for those in the
librium. However some power is clearly present @t gdge. The coherence between inboard and outboard chords
=1-3. These measurgments indicgte that fluctuations in t'h@:ig_ 6) is lower than that of other frequency ranges, indicat-
low frequency range arise from a mixture of slow changes inng these fluctuations are more localized with shorter corre-
the mean density and long wavelength, poloidally symmetyation jengths. Examination of the phase shows that the frac-
ric, m=0 modes which are resonant ne#a~0.85 where  jo \which is coherent has am=1 character. The mean
the toroidal magnetic field reverses. toroidal mode number is largen{-35) and the mode spec-
Fluctuations in the medium frequency range (10_30trum is very broad. These features are consistent with short

kHz) are of a different nature. Figure 5 shows that a peak; ,elength electrostatic and magnetic fluctuations, particu-
appears at these frequencies in all but the central chords. Tﬁ]g

lati f inboard and outboard chords. sh in Fia. 6 rly the m=1, highn fluctuations resonant in the edge on
corretation o1 inboard and outboard chords, SNoWn In 719 Sither side of the toroidal field reversal surface/ g
reveals that these fluctuations are also highly coherent across, 85)
the entire plasma column but ate rad out of phasdi.e., T

m=odd). Determination of the phase between all FIR

2.5¢ e rtenn : 40¢ :
E —Medium ——m =11 3 W
~20- r/a=11 830" 3 %14
9 N F —r/a=.54 8 - 2 P
2215 r/a =83 2520 £ 1102
2 100 - g 510° f_f 205 3,
<5 E -t High 52 M ~
o5 : = 0 ta = 0.58 20
0 G?— . P -10°¢ . i ;
’ 10 20 30 40 50 0 20 40 60 80
Frequency (kHz) Frequency (kHz)

FIG. 5. Chord-averaged density fluctuatior) @mplitude spectra for impact FIG. 7. The average toroidal mode numbae) @nd wave numberk(,) for
parameters of/a= 0.11, 0.54, and 0.83. Amplitudes obtained from 477 impact parameter/a=0.58. Here, the average mode number is defined as
realizations yielding a noise baseline €0.1x 10"%6 m=3kHz 1. the average of the measuradpectrum at a given frequency.
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) realizations with a noise baseline 6f7.0x 107 m~3kHz 1.
FIG. 8. The toroidal mode numben) spectrum for(a) 3 kHz, (b) 18 kHz,

and(c) 35 kHz at an impact parameter nfa=0.58.

The correlated product of the density and magnetic fluc-
tuations can be used to extract the radial fluctuation profiles
[n(r)] as discussed briefly in Sec. llIB. In standard dis-

We now describe the relationship between the observegharges, the radial fluctuation profiles for tme=1, n
density and magnetic fluctuations. In general, we find littte=5_9 helicities are broad, with amplitudes1% [Figs.
correlation in the low and high frequency ranges. For fre-11(a)—11(d)]. The density fluctuation profiles are hollow for
qUenCieS of 10-30 kHZ, hOWeVer, density and magnetic f|e|(é|| n. As will be shown in Sec. Vl, a |arge part of the ob-
fluctuations are strongly correlated. served density fluctuations arise from advection of the mean

To determine the spatial harmonic content of the densityjensity gradient by perturbed magnetic field lines moving
fluctuations which arise from the global magnetic tearingpast the interferometer. Hence, the amplitude is largest when
fluctuations, we correlate the chord-integrated FIR measur&sither the density gradient or the radial magnetic field fluc-
ments with the decomposed Fourier harmonics of the magyation is large. In MST the density gradient is largest in the
netic fluctuations obtained from the 32-pOSiti0n toroidal ar'edQE, and therefore the density fluctuation prof”es tend to be
ray of coils. The density fluctuation power that is coherentedge peaked. An interesting feature is thah &screases, the
with them=1, n=5-15 core-resonant tearing modes is dis-profiles become more hollow. This is consistent with the
played in Fig. 9, along with the total and incoherent fluctua-profile of radial magnetic field fluctuation moving out in ra-
tion power for impact parameters ofa=0.11, 0.54, and gjus for highem. Such is expected from MHD computation

0.83. We see that the center-most chord is poorly coherenfnd the simple fact that modes with higheare resonant at
with the magnetic fluctuations due to the insensitivity of cen-jarger radii.

tral chords tom=odd perturbationgFig. 9a)]. At larger
impact parameters, virtually all of the power between 10 and
20 kHz is coherent witm=5-15 modegFig. 9b)]. In the

V. CORRELATION BETWEEN DENSITY AND
MAGNETIC FLUCTUATIONS

plasma edge, the density fluctuations are less coherent with 8 3‘75§ ——
the core-resonant tearing modes as the relative contribution % 3.00F o {ccharer ]
from smaller scale magnetic and electrostatic fluctuations in- E *22.255 E
creasesgFig. 9c)]. 55

Figure 10 contains the radial profile of the total, coher- g =1.50F E
ent, and incoherent density fluctuation power between 10 and 8 o750 ]
30 kHz. Again, we see in the core that virtually all the ob- T R =
served density fluctuations are incoherent with the 1,n %% =5 0 2 45 60

=5-15 tearing modes. However, as the impact parameter Impact Parameter (cm)
increases, the coherent fraction rises to a peak value of _ _ _
~90% atr/a of ~0.6, only to fall at the extreme edge ::IG_. 10. The total amplitude of medium range (1_0—30 kidensity fluc-
. . . . uations vs impact parameter. The coherent, and incoherent components are
where the contribution from small-scale, higHluctuations  getermined by correlation of FIR density measurements witmth&—15

becomes more prominent. core-resonant magnetic modes.
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1-5F sandard @1 follows from MHD modeling of the RFP and is consistent
E n=6 with probe measurements conducted at the extreme plasma
1.0F E 28,29
- 3 edge’
05" pPcD \ 1 The edge radial velocity fluctuations, measured via He Il
5 emission, are coherent with the core-resonant tearing modes.
1.2f , Lo~ .
~ "“E Standard (b) - M'oreover, thesg ra@al flgw quctua’gor?sL, are in phase
‘Eo08 N=7 3 with the fluctuations in radial magnetic field,, demonstrat-
o & 3 ing a consistency with ideal MHD which predicts,
Z04: 3 ™
2 £ PPCD « kparallebr :
% 1.0F . ; Combining edge measurements of density, radial flow,
Q - Standard (©) and radial magnetic field, we find thatis /2 rad out of
g08 n=8 E phase with bothv, andb, . In addition, the density fluctua-
é 0_45: E tions are large in the region where the equilibrium density
PPCD gradient is maximum. These results strongly suggest that
1.5F ; these coherent edge density fluctuations result from the ad-
1o Sta"‘;ard (d)+ vection of the equilibrium density gradient, i.@xiv, Vn,
U n=' B . ~
F E ol kparallebrvno . ~
0.5¢ ] Information on the core, is obtained fron C V emis-
E PPCD . . . . .
i sion which comes primarily from the region</a<0.8.
0.0 02 04 ya 06 08 10 We find thatv, averaged over this region is very small. Since

measurements with He Il, which sampléa>0.6, have al-
FIG. 11. Radial electron density fluctuation profifegr)] for them=1 (a) ready established the existence of radial velocity fluctuations
n=6, (b) n=7, (c) n=8, and(d) n=9 toroidal components. Gray bands in the edge, the nearly null result implies a radial velocity
indicate profile variations from 500 Monte Carlo inversions. fluctuation whose phase changesd-)jn the core. This phase

shift is consistent with the idealized picture of a tearing

mode in whichv, changes sign across the mode’s resonant
VI. CORRELATION BETWEEN DENSITY AND RADIAL surface. Complete measurements of the radial profile of core-

FLOW FLUCTUATIONS resonantm=1 velocity fluctuations await diagnostics with

We have established previously that the density fluctua'-mprov_ed, radial resol'ut|on. , ,
tions in the medium frequency range are associated with Existing observations of the density and velocity fluctua-
core-resonant tearing modes. Because of the global nature g(pns in the core indicate that these density fluctuations are of
these modes, it is possible to combine measurements made]?lafj'fferegt ng_tulre than thoi_el'(? ftlhe edge' The de|r|15_|ty, rr]adlal
different poloidal and toroidal positions to investigate the ow, an raf Iah magnﬁtlc N ductL_Jatl?lns are afl in phase
origin of the density fluctuations and their role in electron(©F 7 out of phasg The core density fluctuations cannot
transport. In this section we report measurements of tharise from advection of the equilibrium gradient but are in-
plasma flow, which, when combined with measurements c,Ftead the result of either compression, coherent fluctuations
density and magnetic field, give insight into the origin of the'" the_ particle source_te_rm,.no_nlllnear poupllng, or some com-
observed density fluctuations. We find that in the edge, th@ination of these. This is significant since advection of equi-
fluctuations are consistent with advection of the mean deni/um gradients cannot induce particle transport whereas
sity gradient and no electron transport. In the core, the dent-hese other effects may.
sity fluctuations appear to be of a different origin and the

relative phase between and v, allude that they may be B. Fluctuation-induced electron transport

inducing particle transport. . . . .
gp P The phase relation between density and radial velocity

A. Relqtionship between density and radial velocity fluctuations also provides key information on the fluctuation-
fluctuations induced particle transpo(Fig. 12. The mean radial particle

As discussed earlier, we employ fast Doppler spectrosflux can be broken into two terms:
copy to measure t.he_ chord—gveraged radial flow of impurity Fr=<nvr>=<n><vr>+(ﬁl~1r>- (12)
ions. Because emission profiles are broad and measurements
are made on a central chord, only aadlarge-scale fluctua- The first term is the flux due to transport of the mean density
tions contribute significantly to the measured radial velocity.by mean radial flows and the second is the flux due to cor-
This is acceptable for measurement of core-resonant mode€lated density and flow fluctuations. Fluctuations can con-
Core and edge information is obtained by collecting lighttribute to both terms although they appear explicitly only in
from different impurities as described in Sec. I B. To inter- the second. Since we measure bathand v, for core-
pret the results, we assume that the fluctuating radial electroresonant modes, we can compute the contribution of density
and impurity ion flow velocities are equal, as occurs if thefluctuations to particle transport.
flow arises from a fluctuating X B drift. This assumption The second term in Eq12) can be represented as
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§ i E Standard
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FIG. 12. Radial profile of the phase, averaged over 477 events, between the 40 -20 0 20 40 60
chord-averaged density fluctuation® (and edge radial velocity fluctuations Impact Parameter (cm)

(Vredod - FIG. 13. Radial profile of the phase between the chord-averaged density

fluctuations @) and edge radial magnetic field fluctuations far standard

and(b) PPCD discharges. During PPCD the density fluctuations in the core
TN T change phase relative to those in the edge. Ensembles conducted over 405
(nvr) 'y| n| | vr|cos{ On), 13 standard and 243 PPCD events. The error bars are smaller in the PPCD case

where ¥ is the coherence amplitude aw is the phase because the core fluctuations are actually more coherent, thus the phase is
U

~ ~ . . . more accurately resolved.
betweem andv, . Sinced,,~ 7/2 in the outer region of the
plasma (/a>0.6), the particle flux due to core-resonant

density fluctuations is measured to be smgll. Therefor.e, alt'erium), is edge peaked but with substantial sourcing occur-
though the core-resonant modes are relatively large in thﬁng in the plasma coréFig. 14b)]. This results in radial

edge, thgy do not cause particle transport. This is consistegﬁectmn flux, shown in Fig. 14), that ranges from~2.0
with the |de§1 that magnetic modes do not produce transporf 102 m2s! in the core rising to ~3.0
far from their resonant surfaces. %102t m~2s°1 at the plasma boundary. During PPCD
Ir_1 the plasma core, vyhere the mode_s are r_esonant, thtf?scharges, when the density fluctuation amplitudes are re-
density fluctuations exhibit a/2 phase shift relative to the  y,ceq it is quite common to see the electron density increase
edge. Withs,,~0, n andv, couple to drive particle trans- by as much as 50%. In an attempt to maintain similar profile
port. Although the magnitude af, in the core is unknown, amplitudes for both cases, the initial fueling was reduced
estimates suggest th(fnﬂ& could be enough to account for such that at peak confinement, the total particle content
all particle transport inside/a~0.40. would be comparable. As a result, the electron density pro-
files measured during auxiliary current drive have similar
magnitudes, but unlike the standard case, show a hollowness
developing in the corgFig. 14a)]. This gradient formation
in the core is a clear indicator of confinement improvement.
Moreover in the core, the electron source drops dramatically
The application of auxiliary current drivéPPCD in  [Fig. 14b)] as the contribution from neutral hydrogéeu-
MST has been shown to reduce magnetic fluctuations antkrium) ionization falls to such low levels that virtually all
improve global confinement substantiaify As shown in  core sourcing results from impurities. The overall radial par-
Fig. 4, density fluctuations are also reduced dramatically
throughout the plasma. The density fluctuations associated

VII. REDUCTION OF DENSITY FLUCTUATIONS AND
ELECTRON FLUX WITH AUXILIARY CURRENT
DRIVE

with the core-resonant tearing modes drop by more than an a) 2> 1.2f
order of magnitude and become more edge pedkeégs. P 08; F
11(a)—11(d)]. Local amplitudes range from0.05% in the gf ' igf E
core to about 0.1% near the edge. A remarkable feature that §F§ 04;—§> Standard
appears during PPCD discharges is that the radial phase shift W gof | PPCD
in n vanishegFig. 13b)]. This suggests that andv, remain b) g 1023}
A . e E Standard ]

out of phase much deeper into the core. The change in phase, §;1022§,g
coupled with the order of magnitude reduction rof indi- g% 1027 %/
cates that the fluctuation-induced electron transport due to 2 =102 Lg —PPCD 1
core-resonant density fluctuations is greatly reduced in the Wq0™9¢
core. 9 x 10 | standard

The dramatic decrease in the fluctuation amplitudes dur- Ev.-’(;1021 7: E
ing PPCD is accompanied by similar reductions in the total S 070 g/
radial electron flux [,). Figures 14a)—14(c) present the & 1019ES —PPCD 7

electron density, source and radial flux profiles as measured 10180_0 0 B s od o
in both standard and PPCD-induced higher confinement plas- ) ’ Trm) ’ ’
mas. In standard plasmas, the electron density profile is flat dial profiles ofa) el § 0 el ¢

; : IG. 14. Radial profiles ofa) electron density(b) electron sourc&impu-
over much of the plasma cross section with a very stee fities included, and (c) radial electron flux for standard and PPCD dis-

gradien_t at Fhe edge. T_he _ele_ctron source profile, which resnarges. The gray bands indicate profile variations from 500 Monte Carlo
sults primarily from the ionization of neutral hydrogéeu- inversions.
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