Measurement of the dynamo effect in a plasma *
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A series of detailed experiments has been conducted in three laboratory plasma devices to measure
the dynamo electric field along the equilibrium field littee « effec) arising from the correlation
between the fluctuating flow velocity and magnetic field. The fluctuating flow velocity is obtained
from probe measurement of the fluctuatiBg«B drift and electron diamagnetic drift. The three
major findings are the following1) The « effect accounts for the dynamo current generation, even
in the time dependence through a “sawtooth” cycl@) at low collisionality the dynamo is
explained primarily by the widely studied pressureless magnetohydrodyri&thiD) model, i.e.,

the fluctuating velocity is dominated by thExB drift; (3) at high collisionality, a new
“diamagnetic dynamo” is observed, in which the fluctuating velocity is dominated by the electron
diamagnetic drift. In addition, direct measurements of the helicity flux indicate that the dynamo
activity transports magnetic helicity from one part of the plasma to another, but the total helicity is
roughly conserved, verifying Taylorighys. Rev. Lett33, 1139(1974; Rev. Mod. Phys58, 741
(1986 conjecture. ©1996 American Institute of Physid$$1070-664X96)90105-9

I. INTRODUCTION simulations both for the general astrophysical dynamo
. o , problem$ and for the specific RFP configuratidn.
Creation or amplification of the magnetic flux by plasma’ g 5 phenomenon, the dynamo effect has been identified
dynamics, often called a dynamo effect, is considered as ong (e RFp plasmabspheromak plasmaas well as in liquid
of the most important physical phenomena in astrophysicgheais However, it was not until recenfiythat the direct
and laboratory plasmas. The latter are only examples iRpseryvation of the dynamo electric field has been attempted
which the dynamo effect can be actively controlled and d|-by measuringv and B simultaneously, followed by other

rectly measured experimentally. The reversed-field-pincfbxperimemg-lom this paper, we report the results obtained
(RFP toroidal plasma, in which the toroidal field reverses itsby a series of the detailed experimérifs'? conducted in

direction at the edge, is a particularly vivid exan_1p|e of th,ethree RFP devices. MHD dynamo has been observed in low
‘?‘y”aT“O. effect In.the RFP'. the externally apphed electrlccollisionality region while a new “diamagnetic dynamo” has

field is in the toroidal Q|rectlon. Thus, the poI0|da! current peen observed in the high collisionality region. In addition to
near the edge, essentially parallel to the magnetic field, i e continuous dynamo effect, a discrete dynamo electric
generated and maintained by the dynamo electric fiel ield has been detected during “sawtooth crash” phase of

against resistive diffu_sion. . ._plasma evolution. These results will be described in Sec. IV
In the most widely studied magnetohydrodynamlcand Sec. V

(MHD) dy”am‘l model, a fluctuation-induced electromotive Arrangement for other sections is the following. In Sec.
electric field (vxB) sustains the field-aligned current || 5 prief derivation of the parallel Ohm’s law in a turbulent

against resistive decay in the parallel Ohm's faw plasma is given in order to identify possible dynamo terms.
N In Sec. lll, experimental apparatus including three RFP de-
Ej+(VxB)=7j, @) yices and measuring probe schemes are described. After the

presentation of the main results in Secs. IV and V, interpre-
tation of the results and discussions will be given in Sec. VI,
followed by conclusions in Sec. VII. Description of the data
analysis methods are attached as an appendix.

whereE| is the equilibrium electric field parallel to the mag-
netic field, » the electric resistivityj; the parallel equilib-

rium current,v and B are the fluctuating fluid velocity and
magnetic field respectively, ard.) denotes an average over

an equilibrium flux surface. This model has been intensively ,
employed in analytical theoritsas well as in numerical Il. PARALLEL OHM'S LAW IN A TURBULENT PLASMA

We start from the generalized Ohm's 13,
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wheren is the electron density arﬂe the electron pressure. TABLE |. Major parameters of three RFP plasmas: MST, REPUTE and

By splitting every quantity into meatdenoted by subscript TPE-1RM20. Also listed is local plasma parameters where the dynamo mea-
. . . surements took place.

0) and fluctuatingdenoted by tildesparts, averaging over a P

flux surface, and taking the parallel component, the parallel pevice MST REPUTE TPE

Ohm’s law in a turbulent plasma becomes

~ o R (m) 1.50 0.82 0.75
j1o— Ejo=(VxB) —(jxB)/en, 3 a (m) 0.51 0.22 0.192
Mo~ Ejo= NGBy ~E) Iy (KA) 210/130 110 50
where we have neglected three small terg/ot, (7)) Vieop (V) 20/20 220 20-45
~ ~ . . n 913
and(fiVP¢)/er?, as appropriate for the experimental con- e 3101 /) 12-50-(?0 4-3 0-4601-9
dition. The right-hand side(RHS includes the usual Te(0) (&V) 12011 ~S ~1
(VxB) term and the Hall term. Since=(m;v;+mgVe)/ rla 0.90/0.92 0.85 0.92
E M)~V = - _ ; T. (V) 30/15 ~8 10-20
(m;+mg)=~v; andj e~n(vI Vf)' Eq (3)~can be rewritten as e (10 16 10 10
ilo—Ejo=((V—jlen)xB)~{(V,xB)y, 4 Ae (M) 2.8/1.0 ~0.04 0.08-0.8
Mo~ Ejo=((v=ilen) xB)y=(vexB), @ Nela 5.5/1.9 ~0.2 0.4-4

wherev; (V) is the ion(electron flow velocity. We note that
the appearance of, only in the RHS is consistent with the
parallel Ohm’s law being a force balanceaéctrons

.An alternatlvg fgrm of the para.IIeI Ohm's law can be typically show the discrete sawtooth oscillations with several
derived by substituting the perpendicular component of EqmiIIisecond repetition peridd while REPUTE and TPE dis-

@), charges contain rather irregular oscillations.
Vef“\h—ll /enm(ﬁL XBy+V, |59x Bo/en)/B2, (5 The major diagnostics used here include two versions of
, ield a “complex Langmuir probe® (Fig. 1) and an insertable
into Eq. (4) to yie Rogowskii coil prob& (with the outer diameter of 3 om
Mijo—Ejo=(E.-b,)+(V, Pe-b )len, (6) whic.h measures the local poloideparalleb curr_ent. Each
hereb=B/ version of the complex probe consists of two triple probes to
where ,ZB B i , measure electron temperatufg, densityn, and floating
We |dent|fy two possible dynamo terms in the RHS of potentialV; at two locations separated by 1.27 cm toroidally
Eq. (6). The first term(E, -b, ), represents the contribution (i the toroidal versionor 0.25 cm radially(in the radial
to Ve, from the fluctuatingk, XBy drift which is @ MHD  ygrsjon) The toroidal version of the complex probe has been
(single  fluid effect, while the second term, mogified to block the fast electrofts?*from the tungsten or
(V. Pe-by)/en, is the contribution from the fluctuating elec- molybdenum tips with a small boron nitride obstacle while

tron diamagnetic drifV , P.xB, which is an electron fluid the radial version has been aligned so that the tips face away
effect (in the two-fluid framework (It should be clarified

here that the latter is different from the so-called “battery

effect”!*in Faraday’s induction law, which involves no mag-
netic fluctuations in the early growing phase of the dynamo
field.) We emphasize here that only thexB effect has been
incorporated in most MHD computaticiiswhere thetotal
plasma pressure has usually been set to zero.

The aim of the present experiments is to identify the
dynamo mechanism by measuring both the MHD dynamo
term, (E, -b, )~(Eb)+(Eb;), and the diamagnetic dy-
namo term,(V, Pg-b, )=~{(VPg)b)+{(V,Pg)b;) in the Bt coil
RFP edge, where the poloidal fiel}, dominates the toroidal
field B;. Here the subscriptsandr denote the toroidal and 1.27em ;
radial components, respectively. toroidal radial

Tungsten tips

Boron Nitride

poloidal

Ill. EXPERIMENTAL APPARATUS

0.25cm\( Tungsten tips

§]
B i 88 q‘/Brcoil

The experiments described here were carried out in three
RFP devices: Madison Symmetric Tor(MST),'° Reversed
Field Pinch University of Tokyo ExperimentREPUTB®
and Toroidal Pinch ExperimerTPE-1RM20.1” MST is a
large sized RFP while REPUTE and TPE-1RM20 are me-
dium sized RFP devices. Table | lists important parameters of
these three devices. Measurements were performed in the
relatively low plasma current discharges to avoid heat dam-
age to the inserted probes. All measurements were taken
around the current flattop period, in which MST discharges  FIG. 1. Schematic view of two versions of the complex probe.

=E,_,V P,B,

Boron Nitride
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FIG. 2. Waveforms of toroidal flu, , pinch paramete®, reversal param- = 1op AN IV VY
eter F, ion saturation currentls,, measured by the triple probe at Z P WY T

r/a=0.98, and voltage across toroidal gap in the skgjiduring two saw-
tooth oscillations.

from fast electrons. Thus the fast electron effects on probe
measurements are eliminated for the entire range of density.
The electrostatic components of electric fiels and | | | |
E, are obtained from the difference in plasma potential _1—%.4 -02 00 02 04 06
Vp=Vi+cTe, wherec=25 (0.9 for E; (E,) calculated t(ms)
from the electron-ion collection area ratio at the different
orientation of the probe tips with respect to the magnetid'G- 3. (@ Ensemble-ayeraged MHD dynamo electric fields and local par-
field 2° The inductive components of the perpendicular e|eC_aIIeI_c:urrent density during one sawtopth crash, measurethat0.90. The
tric field fluctuations are negligible. Similarly, the fluctua- toroidal gap voltagely,, marks the timing of the sawtooth crash. MHD
. - . . dynamo electric fieldE, -b, ) is compared tapj (b) and 5j;—Ej (o).
tions in gradient of the electron pressure are obtained from
spatial differencedB; andB, and their fluctuations are mea-
sured by the magnetic pick-up coils installed in the comple

probes.

Xfluctuations for the time-dependent phenomena, instead of
the conventional spectral analysis. Details of the method are
described in the Appendix. The samples are taken from 30
IV. OBSERVATION OF DISCRETE AND CONTINUOUS identical discharges and 150 sawtooth crashes with the
MHD DYNAMO plasma currenué):ZlO kA and the line-averaged density

Sawtooth oscillations in MST represent discrete dynamdle=1.1X 10"m®. Fluctuation amplitudes peak at the saw-
events. Figure 2 illustrates field generation and relaxatioiooth crash while the coherence-0.1) and the phase differ-
over two sawtooth oscillations spanning 5 ms. Strong sponence 0, in phasg¢ between E, and B, remain
taneous field generation is evident in the sudden increase shchanged! The two components dfE, - b, ) measured at
the toroidal flux®; during a sawtooth crasfin ~0.1 mg.  r/a=0.90 are shown in Fig.(d). Both (E;b;) and (E,b,)
Between crashes, flux generati@pposing resistive decay peak during the crash. The local poloidal current denjjty
is present but mild. The decreases in the pinch parametdweeps rising during the crash and peaks at the end of the
O=By(a)/(P,/ ma®) and the reversal parameter crash, consistent with current profile flattening.
F=B,(a)/(®,/ma?) show that the plasma relaxes toward To establish the strength of the MHD dynamo term we
the minimum energy state with a flatter current profile, i.e.,compare it to other measured terms in Ohm’s [&g. (6)].
current decreases at the core and increases at the edge. TheFig. 3(b), we compare the measured MHD dynamo elec-
edge density and electron temperature also increase duringtiéc field to the resistive ternyj, where is Spitzer’s re-
crash, as represented in Fig. 2 by the ion saturation curremsistivity calculated from the measured lodal but estimated
Jsat measured by the triple probe ata=0.98. The time Zes= 2. In spite of large experimental error bars, fairly good
derivative of the toroidal flux, measurable as the voltageagreement can be seen betw&en-b, ) and 7] except for
across the toroidal gap in the shell,, is employed as a the burst of dynamo electric field during the crash. The elec-
time reference for the sawtooth crash. tric field termEg is small for the steady state case but can be

A time-domain method has been developed to calculatéarge during the sawtooth crash because of its transient na-
correlation, coherence and phase difference between twiire. The parallel electric field at the edge is given by
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FIG. 4. A simple electric circuit as an analogy of the observed continuous r(Cm)

and discrete MHD dynamo electric field during the sawtooth cycle in MST.
The effective L/R time constant 0.2 ms, consistent with the decay time of FIG. 5. Comparison between radial profile of —E; and MHD dynamo

j) after the sawtooth crash. electric field measured in REPUTE RFP.
_ _ a 0®=2.0, in 1,=50 KA plasmas. A higher density of
By(r) (Vtg 277J1 Btrdr) /27”’ @ r_lezl.8®<1olé;m3 was achieved at the relatively high

®=1.9 by adding 15 wall loading discharges with the same
working gas(D,) before each main RFP discharge. By vary-
ing n., the edge density afa=0.92 increases by a factor of
=4 while the electron temperature decreases=hy35%,
yielding a factor of 10 change from 0.4 to~4 in the col-
lisionality Ao/a. o o
The coherences ofE, -b,) and (V,Pq b, )/en are
wn in Fig. §a) for four different densities. The coherence
for both terms is comparable at the low density cases. When
the density increases, however, coherence in the MHD dy-
namo term(the solid curvesdecreases nearly to the statisti-
cal confidence level determined by the number of samples in
FRe ensemble (1,/N). On the other hand, coherence in the
diamagnetic dynamo ternithe dotted curves remains
roughly constant. The relative phase angle-i8 (in phase
for all cases and changes little with density. As a result, the
MHD dynamo term dominates over the diamagnetic dynamo
V. OBSERVATION OF DIAMAGNETIC DYNAMO term for the three relatively low density cases while the latter

In an earlier experimefhtn REPUTE RFP, the measured becomes larger for the highest density c&s€his relative
MHD dynamo electric field was far below that required to variation arises mainly from changes in the coherence as
balance resistive dissipation, as shown in Fig. 5, where theell as in the fluctuation levels.
data were taken i,~110 kA, ng=4.4x 10'Ym® plasmas. Figure 7a) compares the dynamo electric fields with the
One of the most distinct differences between MST and RE+esistive termyj for four different density discharges. Note
PUTE RFPs is that the MST edge is much more collisionles&~E,=0 in the steady state. For the three relatively low
than REPUTE. One way to measure the collisionality is todensity cases, the MHD dynamo alone is sufficient to ac-
calculate the ratio of electron mean free path to the count for the resistive term, confirming the MHD dynamo
plasma size, say, the minor radias This ratio in MST edge hypothesis. However, in the highest density case the MHD
is 2—7 compared 0.08-0.4 in the REPUTE edge. The curreritynamo diminishes while the diamagnetic dynamo becomes
MST operatiof® is limited to the relatively low density re- dominant. The sum of the two terms is large enough to ac-
gion presumably due to its large siZ@/a=1.50 m/0.52 m, count for thenj term within error bars. Contribution of the
while the low current discharges in REPUTE was limited tofast _electrons to the electron diamagnetic term, i.e.,
the high density(see Table )l Thus an important question (V,P™b )/en, is expected to be insignificant since the
still remains whether the MHD dynamo model is valid in fast electron density is only a few percent of the bulk
general or limited to only certain conditions. density?®

In order to answer this question, the third RFP device, The observation in TPE unites the apparently contradic-
TPE-1RM20, has been employed to perform the collisionaltory measurements in REPUTENnd MST Figure Gb) dis-
ity scan. In the normal TPE operation for a fixég, the  plays the coherences of the dynamo fields measured in the
upper limit of the line-averaged density, is primarily = MST edge. The samples are taken from 36 identical dis-
determineé® by the pinch parametd. Typically, n, ranges  charges withl ;=130 kA and Ne=6.2x10%¥/m®. As in the
from =0.44x10"m® at ®=1.5 to =1.01x10'¥m>® at  low density case of TPE, the MHD dynamo term dominates

where the first term dominates. By including the electric
field, Fig. 3c) shows good agreement betwed - b, ) and
nj|— E; at all times within experimental uncertainty. Contri-
bution from the fluctuating electron diamagnetic dfife.,
the second term in the RHS of E@)] has been measured to
be small[see Fig. €b) below].

The observed MHD dynamo can be summarized as i%ho
Fig. 4: (a) a continuous dynamo electric field drives equilib-
rium poloidal current between the sawtooth crashes (ahd
the crash generates a burst(discrete dynamo electric field
which is largely balanced by an inducti& during thej
rising phase. The effective inductance can be estimated
| =E/(dj/dt)~6X 10" ° Hm. The resultind-/R time con-
stant isT=1/7~0.2 ms, consistent with the decay time of
j| after the sawtooth crash.
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FIG. 6. (a) Coherences for the MHD dynamo term and the electron diamagnetic dynamo term in TPE-1RM20 for four different dénsitess-spectra and
coherences in MSTc) coherence for the MHD dynamo term in REPUTE.

over the diamagnetic dynamo term. On the other hand, no At high collisionality, the electron pressure term in Eg.
coherent MHD dynamo is detecteith the high density RE- (6) is large. Fluctuations in the electron pressure gradient
PUTE plasmas I=110 kA and Ne=4.4x10m%), as (instead of the electric fie)dsustain the fluctuating electron
shown in Fig. 6c), consistent with the TPE observations. flow velocity self-consistently. This effect would be manifest
Thus a systematic dependence of the dynamo electrim Eq. (3) as a Hall dynamo arising from the fluctuating
fields on the collisionality emerges from all three RFPs. Aelectron diamagnetic current, =BoXVP./B3. The ion
summary is given in Fig. (b) where the dynamo fields and flow is unspecified. If one assumes strong coupling between
their resistive terms(normalized byEo=V,,y/27R) are  electrons and ions, i.eRe~P;, as likely in the collisional
plotted against the collisionality which is varied by more |imit, then the ion diamagnetic driftV,, (=—V,P;
than a factor of 30. Clearly, in the collisionless region xBO/enBé) is opposite to the electron diamagnetic drift,
(Ae¢/a=1), the MHD dynamo is the main driver of the par- resylting in an anti-dynamo effect in tRiexB~¥; x B term in
allel current, while in the collisional regior\¢/a<1), the  Egq. (3). However, this is offset by an additional dynamo

electron diamagnetic dynamo term becomes dominant. Fokffect in the Hall term from the associated ion diamagnetic
lowing this categorization, the ZETA plasfidalls into the currentj;, =By x VP, /B2.

collisional region while other RFP plasmas, such as
ZT-40M?® fall into the collisionless region where the MHD o,
dynamo should dominate, as marked in Fith)7

We suggest two possible physical reasons for the transi-
by collisions. First, an increase in the perpendicular con-
ductivity with collisions can suppress the electric field. Sec-
ond, the collisions could reduc&;, through the ion

VI. DISCUSSION perpendicular viscosity;, « n2/\T;.?® The differential per-

pendicular electron and ion flows result in a perpendicular
current j, which establishes the pressure gradient by
We can interpret the results via either E8) or Eq.(6). | xB, force in a self-consistent way. In any case, as implied

At onv collisionality, the MHD dynamo dominates. HNence by Eg. (4), the dynamo is carried out by electron dynamics
the (vxB) term is large in Eq(3). The cross-field flows,  onjy,

establishes an electric fiel&, self-consistently through
charge separation. As a result, the dynamo fieIdB implication for the d theori
V, xB, =E, -B, /By is large in Eq.(6). Both electrons and " mplication for the dynamo theories

A. Interpretation of the observations

ions move together and the Hall terx® term) in Eq. (3) Our results clearly support validity of the MHD dynamo
is small, consistent with MST measuremefits. model in the collisionless region. Alternatively, the kinetic
Phys. Plasmas, Vol. 3, No. 5, May 1996 Ji et al. 1939

Downloaded-20-Feb-2007-t0-128.104.198.190.-Redistribution-subject-to—AlP-license-or-copyright,~see-http://pop.aip.org/pop/copyright.jsp



sense, the diamagnetic dynamo term can include the kinetic
dynamo effect which involves parallel pressure ctilBut

the present measurement cannot distinguish whether or not
the kinetic dynamo is present, which would require measure-
ment of the parallel pressure fluctuations. The diamagnetic
dynamo may be seen when the collision effects are included
in the self-consistent kinetic theory.

V/m

C. Relation with magnetic helicity

The magnetic helicif? is a quantity measuring the
“knottedness” of magnetic field and is defined as
K=[A-BdV whereA is the vector potential. The helicity
balance equation is given by

dK :
= fE.de—zf ¢BdS—foAdS, 9)
_ VP,.B
~—2 si-Bav-2[ Vo= Bav-2 [ spas
—JAxAdS, (10

where ¢ is the electrostatic potential and the generalized
Ohm’s law Eq.(2) is used. The first term in the RHS of the
above equation is the helicity dissipation rate and the last
term represents helicity injection rate.

The dynamo effect generates parallel current which is
closely related to the magnetic helicity. The volume integral
of the MHD dynamo can be rewritten as

Normalized Electric Field

f <EL-6L>dV~f V-<Fb6>=f<?/>6>ds, (1D

which corresponds to the third term in E40). Correspond-
ing to the diamagnetic dynamo, the second term can be re-
written as

FIG. 7. (8) Comparison of the dynamo terms to the resistive tefimas a ~ o~
function of the local density in TPE-1RM2(b) Normalized dynamo terms <VL Pe: bl>
and resistive ternyj versus normalized electron mean free path in the edge f Td
of TPE, MST and REPUTE plasmas. Also shown is the collisionality ranges

for the ZETA and 2T-40M edge. by using Eq.(8). Therefore(¢b) is the helicity flux due to
MHD dynamo effect while{P.b) is the helicity flux due to
electron diamagnetic dynamo effect. The appearance as sur-
dynamo theory(KDT)?® has been proposed to explain the face terms in the helicity balance equation means that both
RFP dynamo effect. The KDT is based on radial diffusion ofdynamo mechanisms transport the helicity across space and
the parallel current due to a prescribed stochastic magneticonserve the total helicity when they vanish at the surface.
field and it is expected to be activated in the collisionless In the typical astrophysical dynamo setting, the helicity
region. However, the observation of collisionless MHD dy- monotonically grows in time. But in the laboratory plasmas,
namo implies the ineffectiveness of the KDT mechanism. Orsuch as in the RFPs, the helicity is conjectured by Taylor
the other hand, the observation is consistent with the Terrybe conserved during the plasma relaxation in which the mag-
Diamond theor? which incorporates self-consistent con- netic energy decays toward a minimum-energy state. The
straints and predicts negligible kinetic dynamo effect in thesawtooth crash phase in MST corresponds to this process

_ 1 ~ o~
V= f (P.b)dS (12)

collisionless limit. which is associated with a large, discrete dynamo electric
By rewriting the diamagnetic dynamo term as field as described in Sec. IV. The direct measureniémits
= = the helicity flux indicate that the prominent dynamo activit
(V. Pe-b, )~V -(Pcb), ® Y P Y Y

- during the sawtooth crash transports magnetic helicity from
the quantity(P.b) can be regarded as electron momentumcenter to edge, but the total helicity is roughly conserved,
(curren) flux transported by magnetic fluctuatiottsin this  verifying Taylor’s conjecture.

1940 Phys. Plasmas, Vol. 3, No. 5, May 1996 Ji et al.
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VIl CONCLUSIONS A=ARD+(A)D, BO=BRO+(B)D), (A3
Three major findings of the experiments in three laborayyhere the quantities with superscriptdenote random parts

tory plasmas ar¢l) the « effect accounts for the dynamo zpg (...) the ensemble average, satisfying
current generation, even in the time dependence of the PaJARY=(BR)=0. For the rest of this section, the notation
allel current through a sawtooth cyclé) at low collision- (1) will be omitted since all quantities mentioned will be
ality the dynamo is explained primarily by the widely studied ;jme-dependent. The ensemble average can consist of two
pressureless MHD model, i.e., the fluctuating velocity iscomponents: symmetric compondig., m=0, n=0 com-
dominated by th& x B drift; (3) at high collisionality, a new ponent wheren (n) is poloidal(toroida) mode numbérand
diamagnetic dynamo is observed, in which the ﬂUCtuatingasymmetric componerit.e.,m # 0 orn # 0 component
velocity is dominated by the electron diamagnetic drift. BothTherefore, if the ensemble average is equivalent to flux sur-

dynamo mechanisms transport magnetic helicity acrosg,.e averagéwhich is symmetrit, then the symmetric com-
space through a fluctuation-induced helicity flux but CON-nonents are zero.

serve thetotal helicity. The detailed transition mechanism

: ; . o The cross correlation betwednandB is given by
toward the diamagnetic dynamo as well as its applicability to

the astrophysical dynamos awaits future exploration. AB=ARBR+AR(B) +(A)BR+ (A)(B). (A4)
Therefore, the time-dependenflux surface average of
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ergy, Japanese Science and Technology Agency, and Jang_rium) changes inA an_d B_ and incomplete flux surface
nese Ministry of Education. average from the localization of the measurements. The

time-dependent fluctuation amplitude can be obtained by tak-

ing A=B in Eq. (A5):
APPENDIX: TIME-DEPENDENT CORRELATION 3 3 5
ANALYSIS |AR|2=((AR)2)—(A)2, (AB)

The dynamo electric field arises from the correlation be-  As an analogy to the spectral analysis, we can define the
tween two fluctuating quantities. Conventional spectraltime-dependent coherengét) and phase differencé(t):
analysis provides an effective way to calculate cross correla- = g=~r\ | ZRIISRI_ _
tion when fluctuations are stationary in tinter homoge- (ATBT/|AT|[BT|=y(t)cos b(t)=a(t). (A7)
neous in spage The cross correlation between two fluctuat- We can interpret them as “power-weighted” or “effective”

ing quantitiesA andB is given by coherence and phase difference between two fluctuations.
In order to separates and 6 in Eq. (A7), the phase-
<A|§>:f Pag( f)df shifted fluctuations are employed:
BR%%(t)=FFT L(FFT(BR(t))-expi 50), (A8)
:J |ACE)IIB(f)[yas( f)cosbag( f)df, where FFT ! is the inverse transformation of the Fast Fou-

rier Transformation(FFT) and §6 is the shifted phase for
. . (A1) everyfrequency component. Note that if dispersion relation
whereP,p is the cross-power spectruf| and|B| are the is linear, then the phase shift in time is equivalent to phase
fluctuation amplitudes, angtag and 65 are coherence and shift in space. By using the phase-shif@dvith 66= /2 in
relative phase betweeA and B, respectively. Since the ~ =R A K RISR. w2 _
plasma rotates in the laboratory frame, this method is equiva- (A"BRTH)/|ATB =y cod 6+ m/2)=h(t), (A9)
lent to flux surface averaging even though the measuremenind Eq.(A7) we have
osition is fixed. Note here that the calculated quantities
P IR ; d y=a?+b?,
Pag. |Al, |B|, yag and 6,5 are functions of frequency and
independent of time.
However, the above spectral method does not apply tOlH' K. Moffatt, Magnetic Field Generation in Electrically Conducting Flu-
. ’ ... ids (Cambridge University Press, Cambridge, 1978
t_he tl_me-depe_ndent phenomena_, such as sawtooth OSCIIIaT:or example, A. Brandenburg, lrectures on Solar and Planetary Dyna-
tions in MST discharges. To obtain ensemble-averaged quanmos edited M. R. E. Proctor and A. D. GilbetCambridge University
tities (such as cross correlationsith time-resolved informa-  Press, Cambridge, 198%. 117.
tion during a sawtooth crash, an ensemble is ConStI’UCteaFor example, an early simulation result is E. J. Caramana, R. A. Nebel, and

f . | . f d h. S D. D. Schnack, Phys. Fluid26, 1305 (1983; and a recent one is A.
rom time samples time-referenced to a crash. Suppose tWONagata, H. Sakamoto, K. I. Sato, A. Ashida, and T. Amano, Phys. Plasmas

g=tan (—alb). (A10)

measured quantitie&(t) andB(t) are written as 2, 1182(1995.
~ — ~ — 4E. J. Caramana and D. A. Baker, Nucl. Fusibh 423 (1984.
A(t)=A(H)+A, B(t)=B(t)+B, (A2)  5A.Janos, Phys. Fluid89, 3342(1986.

Lo . . ®A. Gailitis, O. Lielausis, B. G. Karaseyv, I. R. Kirillov, and A. P. Ogorod-
where the bar indicates the time average. The fluctuation ixoy, in Liquid Metal Magnetohydrodynamicedited by J. Lielpeteris

parts can be written as and R. MoreauKluwer, Dordrecht, 1989 p. 413.
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