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Enhanced cross-magnetic-field diffusion of test particles in pure ion plasmas has been measured.
The ion plasma is contained in a Penning-Malmberg trap for weeks near thermodynamic
equilibrium, characterized by rigid rotation and uniform density and temperature. Plasma expansion
and loss is suppressed by a “rotating wall” technique, i.e., a weak electrostatic potential rotating
faster than the plasma. Test particle transport is then measured even though there is zero net
transport, in a regime where neutral collisions are negligible. The observed test particle transport is
diffusive, i.e., proportional to the gradient of the test particle concentration. The measured diffusion
coefficients scale asT~*?B~2 over a range of 40 in density, 50 in temperature, and 5 in magnetic
field. This diffusion is about ten times greater than predicted by classical collisional theory, which
describes velocity-scattering collisions with impact parametets.. The enhanced transport is
thought to be due to non-velocity-scatterindeXB drift” collisions with r.<p=<\p. Initial
estimates of diffusion due to these long-range collisions are three times less than the measurements,
and substantial theory questions remain. 1€@97 American Institute of Physics.
[S1070-664X97)92505-7

I. INTRODUCTION convective term is generally small; but a direct comparison

of the diffusion coefficient with theory is difficult due to the
Cross-magnetic-field test particle transport is an aCtiVE‘complexity of the fusion device.

area of plasma theory and experiment; important questions Other work focuses on velocity-space diffusion, often

are collisions versus wave-induced, and the range of the iNeg o 1o as Fokker-Planck diffusion. Experimental work
teraction. Classical Boltzmann theory describes ion transport

in terms of short-range velocity scattering collisions, with performed in Q—machln_es and gas Q|s_charge have shown rea-
impact parameters less than the cyclotron radpusr. sonabIGe agree_ment Wl.th the predictions of Fokker—PIanc_k
Long-range ‘ExB drift” collision theory considers impact theory- A special case is the measurement of the anisotropic
parameters .<p=<A\p. Obviously, in a non-neutral plasma teémperature relaxation in a magnetized pure electron
whereXp>r. (due to the Brillouin limi}, long-range inter- plasmal which was found to be in precise agreement with
actions may play an important role. Also, they may be im-Fokker-Planck theory. One secondary result of the present
portant for heat transport in a neutral plasma where the cyresearch is to establish that collisional temperature isotro-
clotron radius of the electron ige<Ap. pization in pure ion plasmas is quantitatively predicted by
Experimentally, there has been substantial effort to meaggkker-Planck theory.
sure test ion cross-magnetic field transport. In the field of According to theory, bulk transpofas opposed to test-

basic plasma physics, important progress has been made ?Jférticle diffusion may be greatly enhanced by long range

ter the pr|rIC|pIe dfemonstratllon of thlcal ta.ggmg of ions b.yinteractions; even though the effect of long raripeB drift
Sternet al.” Experiments using optical tagging show classi-

cal diffusion of ions in a Q-machireFasoliet al3 changed collision is subtle qn the'diffusion pf test particlgs, it can lead
background pressure to modify the distribution functiont® Orders of magnitude increase in the viscosity and change
f(v) and explained the measured test-particle transport i€ magnetic field scaling. According to calculatibhased
terms of classical diffusion with 82 scaling of the diffu- o Boltzmann theory, the viscosity scalesBis’, while as
sive process. They also suggest that in the presence of shdang rangeE x B drift collisions’ predictB 2, and long range
parallel flow, the diffusion process may be replaced bytwo-dimensional(2D) interaction theor} scales asB™?.

convectiorf Measurement of bulk viscous transport in pure electron plas-
In fusion plasmas, measurements of tritium particlemas scald¢ asB~1.
transport have been reported by Efthimienal,> with tri- We report in this paper experiments to quantify these

tium density inferred from the neutron emissivity. They cal-|ong-range collisional interactions in a quiescent magnesium
culgte tritium fluxes as functio.ng of time, thus obtaining dif-;,, plasma contained in a Penning-Malmberg ¥apear
fusion and convection coefficients. They found that thethermal equilibrium. Bulk plasma expansion is suppressed
by a weak “rotating wall,” i.e., an electrostatic potential on
:Iisil?eecrj iLAeZa{kE;J“- Am. Phys. Sodl, 1477(1996. the wall rotating faster than the plastarest particle trans-

' portis then measured even though there is zero net transport.

dpPresent address: Time and Frequency Division, NIST, Boulder, Colorad ) ) ; f
80303. lons are tagged by spin orientation, and the slow cross field
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FIG. 1. Schematic diagram of the cylindrical ion trap, with perpendicular ‘& .V \/
and parallel laser beams and LIF detector. A “rotating wall” drive applied ZoA40F 4 £ = 173KHz
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diffusion of these test particles is accurately measured Usingg. 2. (a) Measured M@ densityn(r) and temperatur&(r), with inferred
Laser Induced FluorescencelF). total charge density,(r). (b) Measured fluid rotatioW,,(r) and calculated
The measured diffusion is about ten times greater thadiamagnetic rotation rate .
predicted by classical theory of diffusion due to velocity-
scattering collision$? Further, the scaling is the same except
for small logarithmic corrections: the measured diffusion co-holes(not shown in Fig. 1 allow the laser induced fluores-
efficients scale approximately ag ~?B~? over a range of cence to be detected from the perpendicular or parallel
40 in densityn, 50 in temperaturd, and 5 in magnetic field peam?®
B. Simultaneous measurements of thermal isotropization es- A continuous(CW) laser was chosen based on signal-to-
tablish that velocity-space scatterings are not anomalouslijoise considerations and for optimum velocity resolution.
large. Transition from the ground states3S,,, to the lowest ex-
This enhanced diffusion is probably due to long-rangecited states (2P, or 3p2P5;,) of a Mg" ion are in the 280
“ExB drift” collisions. Present calculations of this en- nm range. Such wavelengths are obtained by frequency dou-
hanced test-particle diffusion are about three times largeling of a CW ring dye laser. We use a Bergquist schéme:
than classical, i.e., three times smaller than the measure nonlinear crysta(Beta Barium Metaborate “BBO,” 3 mm
ments. However, the diffusion from these long-range colli-x3 mm x5 mm) in an external doubling cavity converts the
sions depends on long-time correlations between the posiuneable bean{560 nm, <1 W) into an ultraviolet beam
tions of individual ions, and thus is quite sensitive to small(280 nm,=<20 mW) with a bandwidth of 1 MHz. The ring
effects which perturb the ion trajectories. We believe thafdoubling cavity is stabilized by a feedback loop using an
further theory effort is required to fully understand theseerror signal created by a polarized sensitive detector.
subtle collisions. The plasma density, temperature, and rotation velocity
profiles are obtained from a-0.5 mW beam which is
scanned across the plasma, with a detection volume of
1 mn?x 3 mm (AxAzAy). At each radial position, the fre-
The cylindrically symmetric ion trap is shown schemati- quency of the laser is scanned 60 GHz across a
cally in Fig. 1. The electrodes are contained in an ultra-high3?S, ;,— 32P3), “cyclone” transition of Mg" in 1.7 s, giving
vacuum chambeP=3Xx10"° Torr (97% H,). The ions are 141 frequency bins of 10 ms wita 2 msdwell time between
created by a metal vacuum vapor arc soufidEVVA),'®>  each bin. This gives thé@-averaged ion velocity distribu-
then injected into the trap by lowering briefly the positive tion; and the densityn(r), temperatureT(r), and total
potential of one end cylinder. Free electrons are ejected axirotation velocityv,,(r) are obtained by fitting to a shif-
ally. Radial confinement is provided by a uniform magneticted Maxwellian distribution. This weak diagnostic beam
field (B<4 T) created by a superconductive coil, which by applies negligible torque on the plasma. The plasma is
itself would give a plasma loss time af <2000 s. The near-Maxwellian, since perturbations are weak compared
losses are essentially suppressed by applying a “rotatingp the ion-ion velocity scattering rates;=(16y//15)
wall” signal to eight insulated wall patché3 This rotating X nb% In(r¢/b)~(0.1/9T ~*3(n/10°), where v=(T/M)2
field, varying ase'™?~ 't with m=1, adds angular momen- b=e?/T, andr.=v/(eB/Mc).
tum and energy to the plasma, balancing the drag and energy Figure 2 shows density, temperature, and rotation ve-
loss from magnetic field asymmetries and collisions withlocities for an ion plasma that has been confined for 22 hours
neutrals. The inside electrode radiusRg= 2.86 cm; the with B=4 T. We estimate the total confined charge den-
plasma dimensions are typically 0.4 csr,<0.9 cm and sity asng(r)=an(r), with « obtained from the measured
L,=10 cm. Typically, 3x10° ions are confined for weeks. rotation velocity. Specifically, we fiv(r)=(c/B)[E(r)
The central electrode has been cut out to let a laser beam V(nT)/ne] with V-E(r)=4meny(r). As can be seen
perpendicular to the magnetic field intersect the plasma. Sidgom Fig. 2, the diamagnetic term is quite small at low tem-
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FIG. 3. The three steps used to measure test particle transport. First all spins are aligned paralM| to-B1(2); then test particles are locally “tagged”
to M= +1/2; finally test particles are non-destructively detected. Also shown are the relevant energy levels. of Mg

peratures, so the total fluid rotation velocity is close to thelar to the magnetic field and passes through the center of the
E xB rotation velocity, and determination afis straightfor-  plasma. It is left on for a long tim€l0 9 to ensure that all
ward. ForT>10 2 eV, there is negligible centrifugal sepa- ions have passed through the beam due to their bounce and
ration of the ion species present in the tflpFor this rotation motion and interact resonantly with it.

plasma, about 75% of the charge is Mgvith MgH,, prob- (B) Tag. The spin of particles at a chosen radial position
ably constituting most of the remainder. The ion plasma has; is reversed by direct optical pumping with a parallel beam

axial lengthL,~10 cm, and individual ions bounce axially tuned toS’i"Ié:_”z PMi=*2 The tagging beam is left on

) 3/2
at a ratef,=v/2L,~3 kHz for average thermal energy for many rotations of the plasma and also for many bounce
T=0.1 eV. periods to ensure that most ions are pumped,; typically 50 ms

The ion plasmas tend to cool to about 0.05 eV due taare required to locally tag more than 80% of ions into the
collisions with neutrals, as shown in Fig. 2. We can increaseM;=+12 gi5ta

the .iong temperature either by i_on cyclotron resonance (C) Search. The density of tagged particles at a chosen
heatind® from anm= 1 voltage applied to wall sectors, or by gearch position,n,(rs,t), is measured non-destructively

compressional heating from an=0 voltage applied 10 an \yith a perpendicular beam tuned to the peak of the “cy-
end cylinder. Both techniques were used in the data pre =+12 M{=+312

- . M- .

. . . X . clone” transitionS, ] P, which decays only to
sented here, with no noticeable differences in the resultln%Mj:ﬂ/z This t 172 i : 312 t ch G ty q 4
test particle transport. b . This transition does not chang® first order ap-

The ion spin orientation is used to “tag” the test Proximation the p?pylation ?f the states which are being
particles. Electronic ion spin orientation has been shown t&roped. However, “sideband” excitation of other transitions
be a robust technique to label test parti@&he ground due to the Lorentzian wings of the laser frequency spectrum
state of Mg is a ¥S,, state. In a magnetic field, the will f:reate opfucal lelmplng. This eff_ect is crucial for Ias_er
spin orientation can b= +1/2 or —1/2; and the differ- _coollng expenment%,_ but unwante_d in our case. To avoid
ence of energy between these two states is very smalli the search beam is weak and is on less than 10% of the

(4.6x10 % eV at 4 T). Nevertheless, measurements indicateime; _aIso, high magnetic field helps to minimize sideband
that the ion spin polarization is robust, degrading with a timePY™MPNg-

constant 16<7,<10 s for 0.05 eV<T< 5 eV. This is

longer than the time required for the tagged ions to diffuséll- RESULTS

radially. . The test particle density, is recorded as a function of
Three steps are used to measure test particle transpofime at a fixed search radiusg; Fig. 4 showsn, at
they are graphically represented in Fig. 3. re=—0.52 cm versus time, from just after the tagging to

M.:(A_\)l/ZReset. The plasma is completely polarized into thes s The timet=0 is defined as when the 50 ms tagging
51/‘2M Hs/gate Bly dlfl?ZCt optical pumping with a beam tunedpulse starts. For each data point, the LIF signal is measured
toS i Pol

" 3 transition. This beam is perpendicu- for 40 ms at the peak of the distribution function. From a
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FIG. 4. Concentration of test particles/n versus time at search position 1 9
rs=—0.52 cm; the tag beam was locatedrat0.5 cm. Also shown is Ly(r,t)=— f dXX n (X,t)
. . . . . .. t ) t
n./n in the absence of tagging, showing slow spin flip from collisions and r

sideband pumping.

Jd 2n(xt) )n(x).

The second term corrects for the slow spontaneous spin flips
regular LIF frequency scan determinifidr) and the non-  at the separately measured rafé . With this correction, the
resonant background, the LIF data is then converted ttotal number of tagged particles is conserved to within 10%.
n(rs,t). Also shown in Fig. 4 are the's representing a This flux is then compared to a transport model including
case where no ions have been tagged, indicating the wedtoth local diffusion coefficienD(r) and #-averaged radial
effect of spontaneous spin flips and sideband pumping. Thi§onvection velocityV,(r):
measurement allows us to determine a rate of spin depolar- n(r,t)
ization 75, which will be used later in Eq(1) to correct for I'y(r,t)=—D(r)n (f)—r () Vi (r)ng(r,t). 2
this unwanted effect.

The experiment cycléReset-Tag-Searths repeated for The diffusipn term of Eq(2) is proport'ional to the rela}tive
31 positionsr, giving n(r,t). Figure 5 shows three test concentrat!on of test partlc'lelst/n; .th|§ can be obtglned
particle profilesn,(r,t) att= 50 ms, 6 s, and 15 s visually from the rigorous two-species derivation of Longmire and

showing radial diffusion towards,/n= constant; here, the Rosenbluth(Re. 2.3' There wil be_no flux of test particles
. o when the test particles are fully mixed ang'n has no gra-
tagging beam position wag= 0.5 cm.

" dient, even thougim; andn will still have gradients.
From the measured quantitiegr), T(r), n(r.t), 7, Figure 6 shows the radial dependence of the flux
the fluxes of test particleE; can be calculated as T (r,t=3 s) and the gradiem(r)d/dr (n,(r)/n(r)). Both
curves exhibit the same radial dependence, indicating that
the flux I'; is proportional to the gradient of the relative
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FIG. 5. (a) Measured density(r) and temperatur&(r) from collisions and

for the heated plasma used in Figs. 4. Measured test particle density FIG. 7. Measured normalized test particle flix/'n, versus normalized test
n(r,t)/n(r) at three times, showing radial diffusion towardg/n particle gradient i§/n,)(d/ar)(n,/n), showing Fick’s law of diffusion, for
=constant. the evolution of Figs. 4-7.
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FIG. 8. Measured test particle diffusion coefficierils normalized to 107 cm lev
an’ZIn(AD Iro) versus temperatur€. Theory curves show classical diffu-
sion DS, estimates ofExB drift diffusion D5*®, and diffusion from
neutral collisionsD;y , for the range of densities observed.

concentration of test particleg/grn,/n). Note that the data
for Figs. 4—7 come from a single data set from tagging with
r=05cmandB=4 T.

Figure 7 shows the measured normalized fliyxn, ver-
sus the measured normalized gradientn{)(d/dr)(n;/n)
for one particular radiuss=0.318 cm. The different points
represent differgnt times in the evolution. The straight line fit,, AnALYSIS
to the data givesD(rg)=3.3x10 3 cn?/s and V,(ry)
=—1.4x10"* cm/s. We obtainV,(r)=0 to experimental Classical transport theory describes steps in the position
accuracy; this is to be expected, since these test particles apé an ion guiding center due to collisional scattering of the
transported exactly the same as all other ions, and the tot¥n velocity vector, arising from binary ion-ion collisions
densityn(r) is independent of time, with no bulk radial flow. With impact parameterp in the rangeb<p<r.. Here
Similarly, with n,/n=8g(r), Eq. (2) shows thatl’,/n, de- b=e?*/T=(1.44 nmI ! is the classical distance of closest
pends only on the profilg(r) but not the absolute magni- @PProach, and=v/Q¢=(500 um)T*?B~* is the cyclo-
tude 3; therefore Eq(2) is valid even fom,/n=0(1). Fig- ftrgzn orbit radius. The predicted classical diffusion coefficient
ure 7 shows normalized flux proportional to normalized'S
gradient over a range of 2(Fick’s law), indicating that 167 5
higher powers of the gradient are not important here. Note Dﬁ'ass:—(—nbzﬂn/\> r2=—yr2. (3
that (r — #) convective cells in the plasma column would still 4\ 15 4
showV,(r)=0, due to thef-averaged nature of the measure- Here  v;;~(0.10 s })T ¥%n/10°) is the ion-ion
ment, but could give a deviation from the straight line onmomentum-transfer collision rate, with Coulomb logarithm
Fig. 7 due to the non-locality of the process. However, coninA= In(r./b) for a magnetized plasnfd, giving
vective cells would exhibit different density, temperature, D%~ (3.1x 10~* cn?/s)T~¥?B~2(n/10°). The range of
and magnetic field scaling than that for collisional diffusion DS scaled by[ngIn(\p/r)] 'B? is shown by the solid
described below. curves in Fig. 8; the range arises from thexipr.) normal-

Figure 8 shows the measured diffusion coefficidhtfor  ization which is not in classical theory. Of course, classical
densities X10° cm 3<n<4x10" cm ? (from different ion velocity scatterings from ion-neutral collisions can also
r¢ and from different plasmasfor 0.05<T<3 eV (from give ion diffusion, but this coefficientDiN%viNrg
auxiliary heating, and for magnetic fields 08B<4 T. The ~ (2.4x10 % cn?/s)(TY2+0.5)TB~2 is negligible at low
diffusion coefficients are normalized h)mB‘zln()\D/rc), for  pressure and temperatufdotted lines. Here, the second
comparison to classical andxB drift collisional theories term is due to the fact that the neutrals are not at rest and that
described below. Over a wide range of temperatures, the dathey are presumed to be,Hthe contribution due to the
is about ten times greater than expected from classical colliplasma rotation is negligible. Als@;y does not depend on
sions alone D5®Sshown by solid lines This enhanced dif- the ion density and has very different temperature scaling.
fusion does not seem to be caused by the “rotating wall,”  This enhanced test particle diffusion is observed even
which keeps the ion cloud in steady-state: the open symbolhough measurements of velocity-space isotropization in
of Fig. 8 were obtained with the rotating wall signal turnedthese plasmas agree closely with classical theory. We have
off during the test particle evolution. The “rotating wall” is induced anisotropies betweely and T, , and measured
balancing weak bulk transport due to field asymmetries anthe relaxation ofT|(t) and T, (t) to a common final tem-
collisions with neutral atoms, which occurs on a “loss” time perature T. Collisional theory predicts d/dt)(T,—T)

scale of 7, ~1000 s, whereas the measured test particle
transport times are 1 s to 30 s. We thus believe that the
rotating wall fields are too weak to have a significant influ-
ence on test particle transport.
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=— v, o(T, —T), with relaxation ratev, o=1.5v;; =3v, . /N_lé? 103
Figure 9 shows the measured velocity scattering rates \ﬁ_”’/
and the Fokker-Planck predictidnwith no adjustable pa- _—
rameters. Thus, there are no anomalously large velocity- 5 é
scattering collisions causing the enhanced test-particle diffu- = |7, 104 g
sion. Experimentally, this result also indicates that the :,: o;
density calibration is correct. =
Long-range ‘ExB drift” collisions®2* with impact pa- = S
rameters in the range .<p<\p are the most likely expla- o B
nation for the enhanced test particle diffusion. Two ions on —FTE ExB drift estimate
field lines separated bAr=<Ap with small relative axial —
velocity will interact for a long time, and wilEx B drift due e 10 :
to their mutual interaction field, even though there is no sig- I 03 o8 2 oo
a B (Tesla)

nificant scattering of the velocity vectors. A simple estimate ~—=~
of the drifts evaluated on unperturbed orbits gives a diffusio

.. r]:IG. 10. Magnetic field scaling of the enhancement in measured diffusion
coefficient

coefficientD, scaled for comparison to theory. The dashed line shows the
—> best fit to the data scaling & , and the solid line is the theory estimate

v of Eq. (4).

i) (4) q.(4)
The minimum relative axial velocitAv, that can be
sustained by two ions is limited by velocity-scattering colli- sured diffusion coefficients are about ten times greater than
sions and by rotational shelDiffusion of v, from small-  predicted by classical collision theory, whereas the measured
angle scatterings givesi¢,)®= v;v?r, and the interaction  velocity-scattering collision frequency agrees closely with
time 7 is set by Qv,)r~\p, giving v/Av,~(w,/v;;)*>.  the prediction of Fokker-Planck theory.
Alternately, shear in the cross-field drift motion of ions sepa-  An estimate of diffusion from long-rangex B drift col-
rated radially byap may limit the interaction time, giving lisions is roughly a factor of three less than the measured
vlAv,~(2\pIro)|fe/r(alor)fel. diffusion. We note that the collision integrals have been
An estimate foD§ "B+ D§*with Av, limited by colli-  evaluated only to lowest order ifIn(u/Av)]™t and

sions is shown by the two dashed lines on Fig. 8. Since thﬁln()\D/rc)]_l; thus the estimate dei'iEXB may be inaccurate
density enters Eq4) asnin(n~3), it can not be completely by factors of 2 since the logarithms are in the range 2 to 5.
scaled out in Fig. 8, and the two dashed curves represent thgiso, there is reason to believe that the integration along
density extremes of the data, i.ea=1x10° cm™2 and  unperturbed orbits used to obtain Ed) is inadequate, and
4x 10" cm3. For these plasmas the shear limitation is genthat an improved analysis of the orbit integrals would yield a
erally negligible. The enhancement of the diffusion due tolarger diffusion coefficient. This analysis is in progress.
these long-range collisions is proportional toNg(r); thus, Long-range interactions may give substantially larger
at low magnetic field and large densitp*® may be enhancement to other transport coefficients, such as viscosity
smaller thanD§**. Since ions may ExB collide” for  or heat conduction. The bulk viscous transport of ions would
longer than an axial bounce time, the diffusion could depenghresumably be governed by an equation such as
on the plasma length; the&’s in Fig. 8 are for shorter plas-
mas, suggesting that end effects are not important in the Fbulk(rat):iizirzﬂ 9 Vel
enhanced diffusion. eBreor a T

~ The magnetic field dependence of the enhancement ipjere, the flux™, is driven by collisional viscosity; acting
dnTusmn is shown in Fig. 10. Here, we have subtractedgn shears in the azimuthal fluid velocity o= (c/B)
Dji***from the measure®, and normalized the difference x[g, (r)—V(nT)/ne]. The radial convectiolv, represents
by T~’ngIn(\p /ro)In(u/Av,), where Ing/Av,) is taken to be  non-viscous transport, and would be zero in steady state.
limited by collisions. The normalized difference is then fit to gjnce viscosity scales ag~nmuv;p?, the average rangeof
aBP, giving @=(1.0£0.2)x10"* and B=—1.9+0.1; for  the collisional interaction is cruciah = \p for ExB drift
comparison, Eq.(4) gives @=3.67x10"° and B=—2.  coliisions, whereap = r. for velocity-scattering collisions.
Thus, the magnetic field dependence of the enhanced diffurpys, theory suggestshat T, o B~2 for ExB drift colli-
sion is consistent with estimates of E@) for long-range  sjons, in contrast to the Boltzmann predicfloaf Ty
ExB drift collisions, but the amplitude given by E@) is  « B=2. In the regime WherWLp>fExB, a 2D(i.e., bounce-
too small by a factor of 2.7, as was also seen in Fig. 8. ayeragepitreatment of long-range collisiotfgives an effec-

tive collision frequency " « BY, resulting inl" < B~ 1.

These strong scaling differences are why long-range in-
teractions give a rather subtle factor-of-10 enhancement in
Measurements of the cross-field transport of test parthe test particle diffusion of Ed4), but give enhancement of
ticles in a quiescent steady-state pure ion plasma have givet®*—1 in bulk viscous transport. Experiments on pure elec-

quantitative diffusion coefficients over a range of 50 in tem-tron plasma¥s have showry, = B, consistent with 2D
perature, 40 in density, and 5 in magnetic field. The mealong-range interactions. Indeed, the present ion experiments

A
DEXB=2\/;nb2W§In<r—CD In

+V,(r,t)n(r,t).

V. DISCUSSION
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are an attempt to quantify and further characterize this pro- (1987; S. Ichimaru and M. N. Rosenbluth, Phys. Fluit; 2778(1970.
cess. For heat transport, less is known experimentally anQT- M. O'Neil and C. F. Driscoll, Phys. Fluidg2, 266 (1979.
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