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Coherent Vorticity Holes from 2D Turbulence Decaying in a Background Shear Flow
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Freely decaying 2D turbulence in magnetized electron columns has been measured using a phosphor
screefilCCD camera diagnostic. The relaxation towards axisymmetric equilibrium is hindered by
medium-sized coherent vorticity holes which persist for hundreds of column rotations despite the strong
negative rotational shear. These holes tend to settle into symmetric configurations in the column, give
a negative skew to the measured vorticity fluctuations, and are eventually destroyed due to a slow
outward radial creep.

PACS numbers: 47.27.Jv, 47.32.Cc, 52.25.Wz, 52.35.Ra

Coherent structures are important in the dynamics anttapped in a series of conducting cylinders (radijs=
transport of many flows. In two-dimensional (2D) freely 3.05 cm) enclosed in a vacuum chamber10~° torr).
decaying Navier-Stokes turbulence, computer simulation¥he electrons are contained axially by negative voltages
have demonstrated that self-coherent vortices emerge-150 V) on the two end cylinders, and confined radially
from random initial conditions and dominate the late-timeby a uniform axial magnetic fieldB{ = 422 G), result-
relaxation [1]. Experiments using thin soap films anding in a confinement time of about 1 s [13]. The trapped
electrolyte have observed similar vortices, despite non-2@2lectron column typically has density= 1 X 107 cm 3,
effects associated with the boundary layers and free suradiusR, ~ 1.5 cm, and axial lengtiL, ~ 50 cm. The
faces [2,3]. Theoretical studies have analyzed coheremdividual electrons haveT ~ 1 eV, giving an axial
structures, such as drift-wave vortices, in various plasmaounce time {2 ws) much smaller than the column bulk
systems [4,5]. Experimentally, the existence of suchrotationtime (<10 us), and a small gyroradius<50 um).
plasma structures is generally inferred from point probe In the z-averagedE X B drift approximation [13], the
measurements [6—9], and it is often presumed that thege, #) flow of the electrons is described by the 2D drift
structures are destroyed by shear in the background floWRoisson equations,
2D quasigeostrophic models of sheared planetary atmo- dn _ < . w2
spheres exhibit vortices [10,11], and computer simulations a7 ¥ Vn=0,v= _B_ZV¢ X2, V$ =dmen,

[11] and driven fluid experiments [12] have demonstrated (1)
the persistence of prograde vortices. . . . .

In this paper, we characterize freely decaying 2DWhere v(r,6) is the drift veIocn)_/ and—_e is the _elec-

turbulence in magnetized electron columns, and find thagon charge. The electron densityr, 6) is proportional

. . . . 10 the flow vorticity {(r,0), since { =2 - (V X v) =
coherent density holes (i.e., prograde vortices) surviv 4mec/B.n. The electrostatic potential(r. 0) is propor-

for hundreds of column rotations. An initially hollow tional to the stream function, and the nonzexs,/ar at

column exhibits instabilities, transport, and fme-scale,[he wall gives a true free-slip boundary condition. Equa-

turbulence [13], then relaxes to an axisymmetric minimurr}ionS (1) are isomorphic to the Euler equation that gov-
enstrophy metaequilibrium with essentially no energy P q 9

loss, the “selective decay” consistent with hypothesis [14].erns 2D mwsqd mcompress!‘bl.e qu|d"s. Fpr f'!‘e spatial
cales or long times, plasma “viscous” or diffusive effects

Here, we show that this relaxation is slow because i 16,17] not contained in Egs. (1) are significant; however
is hindered by the longevity of elliptical density holes. '™ as- 9 ' '

The orientation and shape of these holes agree with

an inviscid equilibrium model for vorticity patches in a

background shear flow [15]. Hole interactions lead to _[>'| m Filter ccD
a preferred configuration of two diametrically opposed _ — /] Camera
holes on a distorted core (a “tripole”). On a time scale §8 Ve -
of hundreds of column bulk rotations, these holes creep§: I\ C,
radially outward and are eventually destroyed. Because 0% ¢ g
these coherent holes, the observed fluctuation relaxatio | T ——
rate is about 50 times slower than expected from simple  -150V — 150V N
passive tracer mixing, and the measured fluctuations ar Phosphor
negatively skewed from Gaussian. @+15kV

Figure 1 shows the experimental device with the imagIG. 1. The cylindrical experimental apparatus with phosphor
ing diagnostic. Electrons from a tungsten filament arescreefiCCD camera diagnostic.
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these arenot, in general, modeled by the Navier-Stokeswy profile atr = 10073 is representative of the mean ro-
equation. tation during the relaxation, since it varies less thaf
Experimentally, we first trap a stable quiescent columngduring the periodt0 = /7, = 10°.
then hollow it [13] and follow the instabilities and The longevity of the vorticity holes in the images of
relaxation. At any timer, we dump the column axially Fig. 2 suggests that the holes can be regarded as negative
onto a3.2 cm phosphor screen biased t6 kV. The vortices in equilibrium with the background shear flow.
fluorescence, proportional to the-integrated electron The inviscid equilibria of uniform vorticity patches in an
density, is imaged by a low-noise charge-coupled devicémposed background flow are ellipses, as first derived
(CCD) camera with pixel area 0f30 um)? on the screen. by Moore and Saffman [15]. In our case, the mean
Also, a mobile charge collecto€, gives independent background flow is purely rotational, i.€y) = wg(r)r@,
density measurements at any The time evolution is leading to a simple linear shear in the vicinity of any
obtained by observing many columns with essentiallypoint. Therefore, the equilibrium depends only on the

identical initial conditions. scaled shear
Images of the electron density(r,0,t) (i.e., vortic- do
ity ¢) at 6 times during the evolution are displayed as o=, drR . / Agy,

false-color contour plots in Fig. 2. The initial hollow col-

umn is seeded with a slight = 2 (i.e., cog6) pertur- whereA(, is the difference between the vorticity at the

bation [13], and byr = 37z the unstablen = 2 mode center of the vortex (at radius,) and the background

is near nonlinear saturation. Heregz = 10 us is the  vorticity () atr,. Since the rotational shear considered

“large eddy” turnover time. The evolution during the nexthere is everywhere negative, the equilibria are ellipses

(20—30) involves vortex merger, density filamentation, oriented alongd (for holes witho > 0) or along# (for

strong turbulent mixing, and fine-scale dissipation, resultelumps witho < 0) [15].

ing in transport to a stable vorticity profile with decaying Figure 4 shows the predicted and measured hole aspect

fluctuations [13,18]. As is seen in the imaged@t; and ratios A = a/b, wherea and b are the elliptical axes

1007, long-lived self-coherent holes dominate the late-along# andr directions, respectively. Herg,ando are

time fluctuations, slowing down the relaxation towards ameasured directly from 16 images at timfs= /7 =

fully axisymmetric metaequilibrium. 400. Reasonable agreement between the measurement
Figure 3 shows the averaged radial profiles of vor- and the model is found, validating the applicability of

ticity, (£), angular velocity wg, and angular velocity the model to individual holes in this system. (Of course,

shearrdwr/dr obtained from the measured(r,0) at the actual holes have finite size and nonuniform interior

t = 1007;. Note that lower caseis scaled as = R/R,,, vorticity distribution, and neither the deformation of the

where R is in cm. The angular velocity is calculated background flow nor the influence of other holes is

from the measured images, as(r) = [ydr'r(¢)/r*.  included in this simple model.) The holes are robust

By 1007g, the column is globally stable, since bofiy  because they are prograde with respect to the negative

and wz are monotonically decreasing with radius. Thebackground shear, whereas clumps would be retrograde.

FIG. 2. False-color camera images of electron density (i.e., vorticity) showing the evolution of an initially hollow electron column.
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t=100 T

After about407;, the number of observed holes de-
creases with time, and the remaining holes tend to orga-
nize into symmetric configurations. Aft80rz, virtually
all the images are in the tripolar configuration of a de-
formed central core and two elliptical holes opposite in
0, typified by Fig. 2 ati007z. The decrease in the num-
ber of holes with time is apparently due to mutual advec-
tion and merger of the holes [11]. These merger events
have been observed in a few camera images, but the shot-

% - to-shot irreproducibility precludes imaging the dynamics.
\m e The tripole state is stable for hundreds ©f because
% . T | of hole-induced distortion of the background flow: The
o -1 . A elongated core in Fig. 2 at007 maintains thed posi-
0.5 1 tions of the two holes.
r=R/ RW In these evolutions, the quasistable tripolar configura-

tion is eventually destroyed by a slow outward creep of
the holes. Figure 5 shows the radial positignof the
hole centers versus time, measured from the images with
tripolar configuration: The holes move from = 0.35 to
rp, = 0.50 in about5007¢. Scattering of the data points
In the model, holes of any depths, can survive in reflects the shotjto—shot irreprO(_juci_biIity of the evolutions.
the background flow with negative shear. Of courseN€ cause of this outward motion is unknown at present.
a shallow hole would be very elongated, and the localfoWever, experiments varying, andB. suggest that this
model is no longer valid. In contrast, a clump must havePutward creep is a 2B x B drift effect [18]. When the
relative vorticity holes approach the edge of the columnr(at 0.57), they
apparently filament in thé direction and are destroyed.
2) These long-lived coherent holes cause the measured
re shot-to-shot density fluctuations to decay much slower
than expected from a naive passive tracer model. This
to be in equilibrium. Such very intense clumps are notmodel postulates that all fluctuations are just being
observed for evolutions from initially smooth distributions distorted and filamented by the background shear [21],
such as Fig. 2. If we approximate the background agind then averaged over (coarse-grained) by the charge

(&) = &l1 = (r/r9)’], thenA, cannot be large enough to collectorc, [18]. This gives a relaxation of the measured
satisfy Eq. (2) provided the clump vorticity is no greaterflyctuation level as

than the central vorticity (i.e{. = ). However, long-

lived clumpshavebeen observed in this apparatus during YA = 7 27 A A 3
evolutions of highly filamented initial conditions with Alr.to ) i(rst0) 201 00m AD/Gen D, (3)
low shear profiles, apparently satisfying the condition of,hare () = —(md./2) dog/dr, d.=0.13 is the

Eq. (2) [19]. Also, a similar limit to vortex stability has gcajeq diameter of the collector, andcharacterizes the
recently been measured in a system with a controllegjecaying perturbation as des?). Figure 6 shows the

background shear [20]. rms variations in the charge collected ofl, atr = 0.33,

FIG. 3. Radial profiles of the averaged vorticity¢), rotation
wg, and shear dwg/dr.
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FIG. 4. Measured hole aspect ratio vs normalized back- FIG. 5. Radial positions of symmetric two-hole configurations
ground shear and Moore-Saffman model (curve). versus time.
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or they would be destroyed by viscosity. Furthermore,

0.5 ~ 1Mt =1007g . . L
. 5 prograde drift-wave vortices may be able to survive in the
@ oo 8 °° edge layers of various plasma devices despite the shear of
g o . o ° the mean flows in these regions.
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