
MITIGATION OF COLLISIONAL NEOCLASSICAL TRANSPORT BY 

FLUSHING PARTICLES THROUGH A RUFFLED SEPARATRIX 
 

A.A. Kabantsev and C.F. Driscoll 
 

University of California at San Diego, La Jolla, CA 92093, USA, akabantsev@ucsd.edu 

 
Recent experiments [1] and theory [2] have characterized a novel form of chaotic neoclassical transport, and here 

we show that the collisionless flushing of particles through a ruffled separatrix may actually reduce the net superbanana 

neoclassical transport. Mitigation of net transport occurs when the ruffle is phased such that there is no net radial step 

from the enhanced chaotic transitions between the two separated ripple-trapped populations, but there is a depopulated 

collisional separatrix layer resulting in reduced collisional transport. In our experiments, when the phase angle of the 

ruffle is aligned with the transport-driving asymmetry (magnetic tilt or toroidicity), a threefold suppression of net 

superbanana neoclassical transport is observed.  

 

Neoclassical transport due to axial asymmetries is 

ubiquitous in magnetic fusion plasma confinement. These 

plasmas typically have several helically trapped 

(superbanana) particle  populations, either by natural 

design (stellarators) or due to the finite number of toroidal 

field coils (tokamaks), partitioned by separatrices from 

one another and from toroidally trapped (banana) particle 

trajectories. The drift orbits for particles trapped in two 

axially (toroidally) separate regions are displaced radially 

from one another, leading to the conventional neoclassical 

superbanana ripple transport as particles collisionally 

change (at rate n ) from helically trapped to toroidally 
trapped and back. Neoclassical ripple transport theory 

analyzes the particle transport and wave effects arising 

from collisional scattering across the ripple separatrix in a 

variety of the trap’s geometries [3-6], and experimental 

corroboration has been obtained in some regimes of 

strong collisions [7, 8]. 

This situation is dramatically modified when the 

ripple separatrix is itself poloidally (in the direction of 

E×B particle drift) asymmetric (here, ruffled). In such a 

case the particles see a time-varying separatrix barrier, 

and without needing collisions they can chaotically transit 

between helically and toroidally trapped populations. This 

mechanism can substantially modify particle transport in 

low collisionality regimes associated with fusion plasmas, 

though it has previously been considered to be ineffective 

due to a presumed symmetry of such transitions [9].  

In our experiments with q-ruffled separatrix these 
chaotic crossings lead to considerably suppressed (or 

noticeably enhanced, for that matter) neoclassical ripple 

transport, depending on the relative phase a between the 
magnetic tilt (toroidicity) and the separatrix ruffle (helical 

ripple) asymmetries. The experiments utilize externally 

controlled electrostatically ruffled separatrix, and can thus 

identify the novel chaotic branch of the superbanana 

neoclassical transport scaling as n0B-1sin2a, and thus 
distinct from the collisional superbanana neoclassical 

transport scaling as  n1/2B-1/2
.  

 

The experiments utilize a cylindrical Penning-

Malmberg trap to confine quiescent, low-collisionality 

pure electron plasmas [1]. Electrons are confined radially 

by a nominally axisymmetric magnetic field B ≤ 2 T; and 

are confined axially by voltages Vc = -100 V on end 
cylinders of radius Rw = 0.035 m.  

 

The electron columns have length Lp = 0.49 m, and radial 

density profile n (r) with central density n0 º 1.6ä10
13 m

-3 

and nominal line density NL = pRp
2
n0 º 6.1ä10

9
 m

-1
. The 

unneutralized charge results in an equilibrium potential 

energy Fe (r) with Fe0 º +28 eV at r = 0 (here, all F 's are 
in energy units). This gives an EäB rotation frequency 
fE (r) which decreases monotonically with radius from 

fE0 º 230 kHzä(B/1kG)
-1
. The bulk electrons have a near-

Maxwellian velocity distribution with thermal energy 

T d 1eV, giving axial bounce frequency fb º 430 kHz and 
rigidity parameter ℜ ª fb /fE º 2BkG. 
 

 
 

Fig.1. Schematic of electron plasma with tilt εB  and a 
trapping barrier in a cylindrical Penning-Malmberg trap 

 

As a helical ripple substitute, an electrostatic trapping 

barrier fs (r, q) is created by a “squeeze" wall voltage Vsq 

(see Fig.1) with adjustable q-sector voltages ≤DVm. This 

gives controllable interior separatrix energy fs (r, q ) = 
fs0 (r) + Dfm cos[m(q - qm)]. Here we focus mostly on 
m = 2 ruffles, created by voltages ≤DV2 applied to four 
60± sectors, extending over D z = 3.8 cm near the z = 0 
center. At every radius, low energy particles are trapped 

in either the left or right end, whereas higher energy 

passing particles transit the entire length of the column. 

Ruffles spread the characteristic separatrix energy by 

Dfm (r) ~ DVm (r/Rw)
m, somewhat reduced by plasma 

shielding. 

Particles change from squeeze (ripple) trapped to 

passing (and vice versa) due to binary collisions at rate n, 
or due to E×B drift-rotation across q-ruffle variations Dfm 

in the local separatrix energy. The electron-electron 

collisionality in the present experiments is relatively low 
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(n ~ 100/sec), and collisions acting for a drift-rotation 
period spread the separatrix by an energy width 

Wc ª T(n/2pfE )
1/2
(fs0 /T)

1/2
 º 0.02eVä(B/1kG)1/2. Thus, 

the chaotic (de)trapping processes will be important when 

Dfm (r) ¥ Wc . 

We diagnose the bulk expansion rate n<r2> defined as 
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Fortunately, it can be accurately and readily obtained 

from the continuous frequency shift f2 (t) of a small 

amplitude m = 2 diocotron mode, as n<r2> = (1/f2) df2 /dt. 
The bulk expansion rate n<r2>  is an integral measure of 
the full radial flux that includes both mobility and 

diffusive contributions, both being proportional to the 

radial diffusion coefficient Dr (r). 

 

Neoclassical transport is conveniently driven by a 

global magnetic tilt asymmetry εB (analogous here to 

toroidicity, εt) with externally controlled magnitude 

εB ª B⊥ /Bz d 0.001 and gradually chosen tilt direction 

qB ª tan
-1 
(By /Bx). In nonneutral plasmas this tilt is 

equivalent to applying z-antisymmetric wall voltages 

Va (Rw, q, z) = εB z (2eNL /Rw) cos(q - qB), which causes 
interior Debye-shielded z-asymmetric potentials dfa (r, z). 
For large magnetic fields, giving rigidity ℜ à 1, simple 
z-bounce-averaged theory suffices to describe the 

separatrix-induced transport and wave-damping. The tilt-

(toroidicity-) induced z-asymmetric error field dfa (r, z) 
has bounce averages values dfL and dfR for left- and 

right-side (helically-) trapped particles near the separatrix 

energy, while passing (toroidally-trapped) particles 

experience zero bounce-average error field. The drift 

orbits then for left- and right-side superbanana trajectories 

differ radially by 

 ( ) .
L R e

r rδφ δφ∆ = − ∂Φ ∂  (1.2) 

Random transitions between trapped and passing 

populations are caused by collisions (c); by drift rotation 

along the Dfm cos(mq-qm) separatrix ruffles (m); and by 
temporal fluctuations in the separatrix energy. If the 

fraction of particles transitioning in a rotation period is h, 
the radial diffusion coefficient is expected to be 

 
2~ .r ED f rη ∆  (1.3) 

For collisions, conventional neoclassical ripple transport 

gives hc = Wc F (fs0) ∂ n
1/2B1/2, where F is the Maxwellian 

distribution of energies, whereas ruffle hm and temporal ht 
fractions are independent of n and B in general. 

A detailed analysis of random transitions between the 

ripple-trapped regions driven by E×B drift-rotation along 

ruffled separatrix gives neoclassical superbanana radial 

diffusion coefficient [2] 
2 21

0 2 24
( ) ( sin ),r s E c cD F f r W D Dφ φ α= ∆ × + ∆ (1.4) 

where the relative phase a ≡  qB - q2. 
Both the collisional bounce-averaged transport 

coefficient Dc and the m = 2 ruffle coefficient D2 are 

shown in Fig. 2, modified here from [2] as functions of 

the normalized ruffle strength Df2 /Wc . While the ruffle-

induced transport coefficient D2 is nearly independent of 

Df2 /Wc (it slowly goes from π to 4), the collisional 

coefficient Dc shows a fast decline as chaotic particle 

transitions become the dominant ones. Thus, in the case 

of strong ruffles (Df2 /Wc > 1) and properly aligned 

asymmetries (sin
2a º 0), this fast chaotic flushing of 

particles out of the separatrix collisional layer Wc could 

enable significant suppression of net superbanana 

neoclassical transport down to the level of its bounce-

resonant branch.  

 

 
Fig.2. Calculated collisional Dc and ruffle induced D2 

coefficients versus the normalized ruffle strength 

 

 

Fig.3. Sketch of split EäB drift orbits near the m = 2 
ruffled separatrix. a) a = 0. b) a ∫ 0. For the magnetic 
tilt asymmetry εB , the (helically) trapped portions (red 

and blue) of the drift orbits are partial circles shifted 

along the tilt direction by ∆r ≈ εBLp 

 

Prior theory [9] considered only a = 0 or p, in which 
case the phase-dependent part of the diffusion coefficient 

is zero. The reason for this can be qualitatively 

understood from Fig.3a, which shows a sketch of split 

EäB drift orbits near the m = 2 ruffled separatrix. From 
the magnetic tilt asymmetry the trapped portions of the 

drift orbits are partial circles shifted along the tilt 

direction. If this direction coincides with the zero phase of 

separatrix ruffle, the left-right symmetry implies particles 

transit from trapped to passing and back at the same 

radius, so the drift orbit is closed and there is no net radial 

step. However, when a ∫ 0, the symmetry is broken and 
particle orbits are trapped and detrapped at different radii, 

leading to radial steps Dr ∫ 0 (Fig.3b). 
Figure 4 shows the theory predicted transition from 

predominantly collisional neoclassical diffusion to the 
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chaotic regime (ruffle dominated, Dr ∂ Df2 D2 sin
2a). For 

quick comparisons with the experiments it can be rather 

conveniently approximated as 
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Fig.4. Combined superbanana neoclassical transport 

coefficient D* versus the normalized ruffle strength. 

 The blue dashed line shows derived approximation 

 

For comparison, Fig. 5 shows the measured transport 

rate n<r2>  as a function of ruffle voltages DV2 at the wall. 
It has essentially the same fitting function as in Fig.4, 

giving the normalized “radially averaged” ruffle strength 

as 〈D f2 /Wc〉r º (4/3)DV2 /1V, which is convincingly close 
to its estimate. 

 

 
Fig.5. Measured transport rate as a function of the ruffle 

strength DV2 at the wall 

 

Figure 6 contrasts two phases a in the transport rate 
dependence (note the log scale) on the ruffle strength DV2. 
For  a = ±π/2, the collisionless particle transitions bring 
the maximum possible radial displacement of drift super-

banana orbits, and the transport rate (open black circles) 

grows linearly (asymptote) with the fraction of flushed 

out particles, which is proportional to the ruffle strength 

DV2. It is similar to the curve in Fig. 5, only taken at 
different parameters. 

 

 
Fig.6. Measured transport rates n<r2> at two fixed relative 

phases a = 0 and a =π /2 as functions of the ruffle 
strength DV2 

 

In contrast, when a = 0 or π, i.e., sin2a = 0, the 
collisionless particle transitions across the ripple bear no 

radial steps and only lead to a depletion of the collisional 

boundary layer. This results first in exponential decrease 

of the superbanana neoclassical transport rate (open red 

crosses), which is then overcome by the bounce-resonant 

transport, ∝(DV2)
2
, caused here by the ruffles themselves. 

Thus, for our range of parameters, the neoclassical 

transport rate drops threefold to its minimum at 

DV2 ≥ 1V.  
 

 
Fig.7. Measured transport rates n<r2>  at fixed εB = 0.003, 
DV2 = 0 and 1V, showing chaotic part of superbanana 

neoclassical transport varying as DV2 sin
2a 

(red quadrupole petals) 
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At the next step we keep the amplitudes εB and DV2, 
and the quadrupole phase q2 constant, but gradually rotate 
the tilt phase qB around the trap axis. Figure 7 shows the 
measured expansion rate n<r2>(qB), taken during step-by-
step rotation of the magnetic tilt phase angle qB, for the 
two fixed wall ruffles, DV2 = 0 (open blue crosses) and 
DV2 = 1V (closed red circles). Here we plot the data set in 
polar coordinates, which are more suitable for this task. 

For DV2 = 1V, the ruffled-induced part of n<r2>(qB) shows 
an unambiguous sin

2a dependence (quadrupole petals) on 
relative phase angle a ª qB - q2 (here, q2 º 3p /4), with the 
petal magnitude proportional to DV2 εB

2 
; and varying q2 in 

steps of p /2 (not shown) verifies the dependence on 
relative phase only. Figure 8 shows essentially the very 

same data set, but now in plane coordinates to visually 

emphasize the ruffle-induced threefold suppression and 

enhancement of the original (DV2 = 0) neoclassical 
transport rate. Note for the latter that though no external 

ruffles have been applied, the transport rate still shows 

small (~10%) sin
2a variations associated with preexisting 

field errors order of 0.1V (wall voltage patches). 

 

 
Fig.8. Measured transport rates n<r2>  at fixed εB = 0.003, 
DV2 = 0 and 1V, showing the threefold suppression (and 
enhancement) buy flushing particles through θ-ruffled 

separatrix 

 

The distinctive DV2 εB
2 sin2a signature, together with 

individual control of DV2, εB and α, enables experimental 
identification of superbanana neoclassical transport 

processes separately from z-kinetic processes. We model 

the full transport as 
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where Cc and C2 stand for radial integrals of Eqn. (1.4); 

CKB and CK2 represent collisional Kinetic (bounce-

resonant) transport driven by εB
2
 and DV2

2
 as z-dependent 

“error" fields [10-12]; and small n<r2>
(bkg) arises from 

uncontrolled background tilts, separatrices, and 

omnipresent ruffles. Here, for dimensional simplicity, 

εB ª εB /(1mRad) and DV2 ª DV2 /(1Volt). 

In Conclusion, most plasma confinement devices 

have trapping separatrices (ripples), arising either from 

variations in magnetic field strength or from external 

potentials. These velocity-space separatrices are never 

perfectly symmetric, or perfectly aligned with other types 

of asymmetries. When a separatrix is asymmetric or 

poloidally ruffled, the drifting particles collisionlessly 

change from (helically-) trapped to (toroidally-trapped) 

passing and back, leading at low collisionality (n / fE < 1) 
to fast depopulation of the collisional boundary layer. 

Mitigation of net transport occurs when the ruffle is 

phased such that there is no net radial step from the 

enhanced chaotic transitions between the two separated 

ripple-trapped populations, but there is a depopulated 

collisional separatrix layer and reduced collisional 

transport. In our experiments, when the phase angle of the 

ruffle is aligned with the transport-driving asymmetry 

(magnetic tilt or toroidicity), a threefold suppression of 

the net superbanana neoclassical transport is observed.  

 
This work was supported by National Science 

Foundation Grant PHY-0903877 and Department of 

Energy Grant DE-SC0002451. 

**************** 

1.A.A. Kabantsev, D.H.E. Dubin, C.F. Driscoll, Yu.A. 

Tsidulko. Chaotic transport and damping from θ–ruffled 

separatrices// PR L. 2010, v. 105, p. 205001. 

2. D.H.E. Dubin, Yu.A. Tsidulko. Neoclassical transport 

and plasma mode damping caused by collisionless 

scattering across an asymmetric separatrix// Physics of 

Plasmas. 2011, v. 18, p. 062114. 

3. P. Helander, D.J. Sigmar. Collisional Transport in 

Magnetized Plasmas, Cambridge: “Cambridge University 

Press”, 2002. 

4. M.N. Rosenbluth, D.W. Ross, D.P. Kostomarov.  

Stability regions of dissipative trapped-ion instability// 

Nuclear Fusion, 1972, v. 12, p. 3. 

5. T.J. Hilsabeck, T.M.O'Neil. Trapped-particle diocotron 

modes// Physics of Plasmas. 2003, v. 10, p. 3492. 

6. D.H.E. Dubin. Theory and simulations of electrostatic 

field error transport// Physics of Plasmas. 2008, v. 15, 

p. 072112. 

7. T. Ohkawa, J.R. Gilleland, T. Tamano. Observation of 

neoclassical, intermediate, and Pfirsch-Schulter diffusion 

in the dc octople// PRL. 1972, v. 28, p. 1107. 

8. M.C. Zarnstorff, K. McGuire, et. al. Parallel electric 

resistivity in the TFTR tokamak// Physics of Fluids B. 

1990, v. 2, p. 1852. 

9. H.E. Mynick. Effect of collisionless detrapping on non-

axisymmetric transport in a stellarator with radial electric 

field// Physics of Fluids. 1983, v. 26, p. 2609. 

10. D.L. Eggleston, T.M. O'Neil. Theory of asymmetry-

induced transport in a non-neutral plasma// Physics of 

Plasmas. 1999, v. 6, p. 2699. 

11. D.L. Eggleston, J.M. Williams. Magnetic field 

dependence of asymmetry-induced transport: a new 

approach// Physics of Plasmas. 2008, v. 15, p. 032305. 

12. E.P. Gilson, J. Fajans. Quadrupole-induced resonant-

particle transport in pure electron plasma// PRL. 2003, 

v. 90, p. 015001.

 

0

0.2

0.4

0.6

0.8

0 60 120 180 240 300 360

[deg]Bθ

2 0VV∆ =

2 1VV∆ =
max

ä3

min

ä0.3

3mRad

6V

4kG

B

sqV

B

ε =

=

=

2

[/ sec]

r
ν
< >


