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 2010 February 25On interrelation between inward turbulent 
ux and lower orderrational magnetic surfaces at plasma edgeS.V. Shchepetov1), Yu. V.Kholnov, D.G.VasilkovA.M.Prokhorov General Physics Institute RAS, 119991 Moscow, RussiaSubmitted 1 December 2009Resubmitted 15 January 2010The interrelation between experimentally measured inward turbulent 
ux and lower order rational mag-netic surfaces is demonstrated by the example of system with externally imposed magnetic surfaces { L-2Mstellarator [Plasma Phys. Control. Fusion 50, 045001 (2008)]. In this note we show that average turbulent 
uxchange sign from outward to inward in the vicinity of lower order rational magnetic surface located at plasmaedge. There exists an upper threshold in plasma density for inward 
ux observation.Nowadays it is commonly accepted that transport atthe plasma edge is dominated by turbulence. Similari-ties in the characteristics and structure of edge turbu-lence between di�erent con�nement devices (tokamaks,stellarators, reversed �eld pinches) were found (see, e.g.,Refs [1, 2], the reviews). It occurs quite often that forinterpretation of experimental data in di�erent con�ne-ment systems one must invoke inward turbulent trans-port. The most frequently used method of plasma edgeturbulence analysis is based on the use of Langmuirprobes as a method with high time and spatial reso-lutions. In a broad variety of these experiments tur-bulent 
ux measurements were performed. Normally,the observed turbulent 
ux is directed outwards. Theobservations of inward turbulent 
ux are considerablymore rare. Most often experimentally measured inwardturbulent 
ux is associated with shear electric �eld sup-pression of turbulence [3 { 7], including externally im-posed electric �elds [3, 4, 7]. In the vicinity of low ordermagnetic islands in TJ-II Heliac turbulent 
ux reversesfrom radially outwards to radially inwards [5]. In [6] wasadvanced a hypothesis that turbulent 
ux may reversein the vicinity of low order rational magnetic surface. Itis important to consider this hypothesis in more detail(and to verify or reject it) since such an information canhelp in choosing reliable mathematical model for plasmaedge turbulence.The prime purpose of this note is to clarify somepeculiarities of interrelation between inward turbulent
ux and lower order rational magnetic surfaces in theabsence of visible magnetic islands around them as wellas without use of externally imposed electric �eld. Forthis purpose an attempt will be made to analyze in-ward turbulent 
uxes in L-2M { high-shear stellaratorwith externally imposed magnetic surfaces [8]. Two ra-1)e-mail: shch@fpl.gpi.ru

tional magnetic surfaces where rotational transform �is equal to 2/3 or 3/4 are located at the plasma edgeand are observable with Langmuir probe technique. Atplasma pressures relevant to for the experiment mag-netic surfaces (with the exception of central region) areweakly disturbed by plasma pressure e�ects. Magneticsurfaces at the plasma edge coincide practically [8] withthe vacuum magnetic surfaces that are measured peri-odically (since [9]). Inward turbulent 
ux is systemati-cally observed within parameter region such that trans-port transitions to the regime with better con�nementare possible [8]. During such transitions drastic changesin turbulence are observed in the region that is closeto the plasma boundary. The region has de�nite sand-wich structure being subdivided in three smaller zoneswith di�erent plasma parameters dynamics. Thus wecan compare inward 
ux behavior during di�erent tur-bulent states.L-2M is a medium size high shear classical stellara-tor with the multipolarity l = 2, the total number ofmagnetic �eld periods N = 14 and the major radiusR0 = 100 cm. The vacuum magnetic surfaces have ro-tational transform � = 0:18 at the magnetic axis and� = 0:78 at the separatrix. It is convenient to char-acterize three-dimensional magnetic surfaces with thehelp of single-valued standardization. For this purposewe use average radius of magnetic surfaces a. At themagnetic axis a � 0 and lineary grows to its maximumvalue at the separatrix a = ap = 11:5 cm. The vacuummagnetic �eld at the magnetic axis is B0 � 1:34T. Theplasmas in these experiments were produced and heatedby means of central ECH with a maximum power of250 kW. The experiments were performed at boronizedwall conditions. The plasma pressure was su�cientlysmall �� < 0:2% (�� is the volume averaged ratio of theplasma pressure to the pressure of magnetic �eld). Thevacuummagnetic con�guration has magnetic hill all over182 �¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 3 { 4 2010



On interrelation between inward turbulent 
ux : : : 183the plasma volume. However, plasma induced shifts ofmagnetic surfaces lead to creation of the magnetic well atx < 0:6, here x = a=ap [10]. For all the plasma pressuresrelevant to the experiment, plasma is stable with respectto ideal MHD modes. Resistive interchange modes thatcannot be stabilized by shear are unstable at the plasmaedge. Moreover, we can state that the relative gradientsof plasma temperatures are signi�cantly lower than thatof density at the plasma edge and temperature gradientelectrostatic instabilities are hardly probable. It is not tobe supposed that resistive interchanges serve as the onlysource of plasma edge turbulence. We hypothesized in[8] that transport transitions can be triggered by non-MHD instabilities. Such instabilities can be found in theframework of two-
uid hydrodynamics [11] if coupling ofdrift modes with Alfven and acoustic waves [12] is takeninto account.For the purposes of this note we use movable tripleLangmuir probe. Two tips of the probes aligned perpen-dicular to the magnetic surface and poloidally separated(a�� = 0:4 cm) were used for measuring the value of
oating potential Vf and its poloidal derivative. Here,� is the poloidal angle. Another tip is biased at a �xedvoltage in ion saturation current Ip regime. Each tipis cylindrical with length equal to 0.2 cm. The probepenetrates transversely into plasma from the bottom ofsystem (structure of magnetic surfaces and position ofprobe are presented in detail on Fig.1, where magnetic
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r (cm)Fig.1. Plasma induced changes of magnetic con�guration.Vacuum magnetic surfaces (solid lines) and surfaces (bro-ken lines) that are shifted due to plasma induced magnetic�elds. Zero net current case, �� = 0:2%, �(x) � (1� x2)3.Double line indicates vacuum chamber with branch tubes.Probe moving direction is depicted with bold line, r; z arecylindrical coordinatessurfaces at �nite pressure are calculated with the pro-cedure developed in [13]). In this position plasma in-duced changes of magnetic surfaces are minimal. Mov-

ing probe with distance 1.0 cm it covers 1.1 cm in av-erage radius of magnetic surfaces. The sampling fre-quency of the probes was 1MHz. It is necessary tomention that in order to guarantee correctness of Lang-muir probe turbulent 
ux measurements we have limitedtheir penetration depth inside separatrix by the valueof 1.0 cm. In [3 { 7] transversive turbulent 
ux was in-vestigated � � n�(���=a��)�=B0. Here, � is theplasma electric potential, n is the plasma density, wavysubscript denotes oscillations. So that this value willcorrespond to normal component of electric drift, onemust suppose that disturbances are electrostatic andstrongly elongated along magnetic �eld lines. In cur-rentness equilibrium electromagnetic corrections to theformula is negligibly small (see, details and numbers in[8]). Therefore electromagnetic e�ects play role of addi-tional degrees of freedom, making possible, e.g. resistiveinterchange instability. However, it is necessary to men-tion that Langmuir probes are measuring not n and �directly but 
oating potential Vf = ��AkTe=e and ionsaturation current Ip � npTi + Te. Here, A is the con-stant (A � 3 in the case of hydrogen), k and e are theBoltzmann constant and module of electron charge, re-spectively. Here as in majority of investigations [3 { 7]temperature 
uctuations are postulated to be negligible.In order to move the probe deeply in plasmas we haveused similar discharges with not very high parameters,where ne � 1:7�1013 cm�3 andW � 400 J. Here ne is theline averaged plasma density, W is the plasma energy.Fast transport event under these conditions usually oc-curs closer to the end of active heating phase. For allcases presented below the active heating phase beginsat 48 ms and �nishes at 60ms. Let us present experi-mental results in the following order. Initially probe islocated so that its taper crosses plasma boundary. Inwhat follows probe is moved insight with spacing 0.2 cm(equal to probe taper length). Therefore, we de�ne thepenetration depth of probe with respect to its midpoint.In Fig.2 we present turbulent 
ux obtained in duplicatedischarges and two di�erent probe locations x. Thus weshow that turbulent 
ux may change direction at probepositions separated by small distance in �x. Position oftransport transition is marked with vertical line. Neg-ative values correspond to the normal (outward) 
uxdirection, positive values correspond to the inward 
ux.Since only the non vanishing part of turbulent 
ux ismeaningful for transport studies the experimentally ob-tained turbulent 
ux was averaged with respect to time.We have used 1ms window in the procedure of averag-ing and moved it over time scale. The results are alsopresented in Fig.2. It is pertinent to note that signal(depicted at Fig.2b) has time cell where negative values�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 3 { 4 2010
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t (ms)Fig.2. Turbulent 
ux and average turbulent 
ux versustime at di�erent probe positions. Five-unit number is theorder number of discharge in data base, �a is the distanceof probes midpoint from separatrix. Vertical line denotesthe start of fast transport event determined from diamag-netic signalof average turbulent 
ux can be found. The negative
ux zone at the initial stage of discharge may probablybe attributed to small density and temperature there.We attempt to identify plasma parameters that gov-ern the direction of turbulent 
ux. In Fig.3 pro�les of
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a a/ pFig.3. Average 
oating potential and ion saturation cur-rent versus radial coordinate. (a) Average 
oating po-tential versus radial coordinate. Upper and lower curvescorrespond to time before and 1ms after the transition.Vertical lines mark positions of rational magnetic surfaces.(b) Average ion saturation current versus radial coordi-nate. Black line corresponds to time before transition. Bigdots correspond to the time before transition and open cir-cles 1ms after the transition
oating potential and ion saturation current are pre-sented. Curves are obtained by interpolation of database where for each position of Langmuir probe �ve val-ues of 
oating potential and ion saturation current insimilar discharges were used. In Fig.3a 
oating poten-tial is presented versus mean of probe position x. Upper

curve presents the value of 
oating potential before thetransition to the regime with better con�nement, lowershow 
oating potential pro�le after the fast (with du-ration less 0.2ms) transition to the regime with bettercon�nement. After the transition in all probe positionsaverage turbulent 
ux drops signi�cantly. Therefore wehave indicated at Fig.3a also the sign of average 
ux.Mark "{" means that in this position probe average 
uxis directed outwards, while "+" indicates inward 
ux.Mark "� 0" indicate zone of positive 
ux whose value ismuch smaller than those (in absolute value)observed inneighboring points. Shape of presented curves gives apossibility to estimate the role of electric �eld in the in-ward turbulent 
ux appearance. In the region of x spacewhere inward turbulent 
ux is observed Vf graph (up-per curve in Fig.2a) has local 
attening (
ex point). Asthe only method of plasma heating is ECH, electric �eldis positive (i.e. preventing electrons to escape); elec-tron temperature is the monotonic function of magneticsurfaces average radius. This suggests that the electric�eld value decreases in this region. If accept current hy-pothesis [3 { 7] that second derivative of Te(x) is inessen-tial then shear electric �eld is not the cause of inward
ux observation. In Fig.3b ion saturation current pro-�le is presented just before the transition and 1ms after.Despite of strong decrease of turbulent 
ux in absolutevalue lead to small increase in Ip value. In all the casesion saturation current is the monotonically decreasingfunction of averagemagnetic surface radius a. Such a be-havior coupled with majorant etamation of island widthbasing on magnetic activty measurements [8] de�nitelypoints at lack of visible magnetic island. For the sake ofde�niteness we have also indicated in Fig.3 positions ofmagnetic surfaces with � = 2=3 and � = 3=4. It is nec-essary to search other possible reasons of turbulent 
uxinversion. We may conclude that it is impossible to ex-plain sign change in the frame of linear stability theory.Within this approach odd and even modes (stable andunstable) are possible. However, the latter have largergross rates [12] and it is unclear which mode will be dom-inant in strongly nonlinear regime. Note that the mainreason for nonlinear stabilization is the magnetic �eldline bending and localization of the mode with largergross rate may be less than that of smaller gross rate.However, this problem demands separate consideration.It is pertinent to note also that inward turbulent 
uxwas indicated in particular space region. However, tur-bulent 
ux may possibly be non-uniform at the poloidalpath on given magnetic surface and may close at dif-ferent poloidal positions. Other possibilities can not beexcluded and demand separate consideration.�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 3 { 4 2010



On interrelation between inward turbulent 
ux : : : 185An e�ort must be made to understand the role ofdi�erent spectral components of Vf and Ip in average
ux formation. As spectra of Vf and Ip decrease withrespect to frequency, it is obvious that there is upperlimit in frequency that can in
uence the value of av-erage 
ux. It was found that contribution of higherharmonics decreases with probe immersion depth. Inparticular contribution of harmonics f � 60 kHz in av-erage turbulent 
ux increases from � 85% for the casedepicted on Fig.2a to � 95% for deepest probe position.Contribution of harmonics f � 20 kHz increases from� 15% to � 60% and for f � 10 kHz increases from� 1% to � 40%, respectively. For cases depicted inFig.2 the average turbulent 
ux value is governed mainlyby frequency spacing of 20{50kHz in 
oating potentialand ion saturation current. It becomes clear why is thedrop of average turbulent 
ux value so signi�cant dur-ing the transition to the regime with improved con�ne-ment for probe locations close to the plasma boundarybut just visible for deepest position. Floating poten-tial and ion saturation current spectra change drasticallyin frequency spacing of 20{50kHz during the transition[8]. The role played by lower frequency componentsincreases with probe penetration into plasma. For thedeepest probe position signi�cant is the input of frequen-cies f � 10 kHz where dominates mode with n = 1. Thispossibly points to the fact that average turbulent 
ux isin
uenced not only by local disturbances but also bythe modes localized deeper inside (mode n = 1;m = 2is localized at x = 0:8). Here, n;m are toroidal andpoloidal numbers respectively. We have performed sub-sidiary search of plasma parameters at which inwardturbulent 
ux is observed. Similar to [6] we have foundde�nite density threshold for inward turbulent 
ux ex-istence. It was found that there exists an upper thresh-old in plasma density for inward 
ux observation. In-ward 
ux was never observed at ne � 2:2 � 1013 cm�3.However since now it is unclear how this threshold willsurvive at signi�cantly larger heating power. It is nec-essary to mention that inward turbulent 
ux seems tohave negligible e�ect on con�nement (similar to [6]). Asat given heating power plasma energy grows with den-sity [8], plasmas with positive 
ux have visibly largerenergy.To summarize, we have shown that average turbu-lent 
ux change sign from outward to inward in the

vicinity of lower order rational magnetic surface locatedat plasma edge in the absence of visible magnetic islandaround it. We hypothesize that shear electric �eld is notthe cause of inward 
ux observation in our case. Thereexists an upper threshold in plasma density for inward
ux observation. We have pointed that experimentallymeasured turbulent 
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