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A magnetized plasma cylinder (12 cm in diameter) is induced by an annular shape obstacle at the

Large Plasma Device [W. Gekelman, H. Pfister, Z. Lucky, J. Bamber, D. Leneman, and J. Maggs,

Rev. Sci. Instrum. 62, 2875 (1991)]. Sheared azimuthal flow is driven at the edge of the plasma

cylinder through edge biasing. Strong fluctuations of density and potential (dn=n � ed/=kTe � 0:5)

are observed at the plasma edge, accompanied by a large density gradient (Ln ¼ jr ln nj�1 � 2 cm)

and shearing rate (c � 300 kHz). Edge turbulence and cross-field transport are modified by changing

the bias voltage (Vbias) on the obstacle and the axial magnetic field (Bz) strength. In cases with low

Vbias and large Bz, improved plasma confinement is observed, along with steeper edge density

gradients. The radially sheared flow induced by E� B drift dramatically changes the cross-phase

between density and potential fluctuations, which causes the wave-induced particle flux to reverse

its direction across the shear layer. In cases with higher bias voltage or smaller Bz, large radial

transport and rapid depletion of the central plasma density are observed. Two-dimensional

cross-correlation measurement shows that a mode with azimuthal mode number m ¼ 1 and large

radial correlation length dominates the outward transport in these cases. Linear analysis based on a

two-fluid Braginskii model suggests that the fluctuations are driven by both density gradient (drift

wave like) and flow shear (Kelvin-Helmholtz like) at the plasma edge. VC 2012 American Institute of
Physics. [doi:10.1063/1.3677361]

I. INTRODUCTION

Modification of the plasma edge turbulence and turbu-

lent transport has attracted continuous interest since the dis-

covery of the high-confinement mode (H-mode), where a

strong and sudden change in plasma characteristics, leading

to improved energy confinement, is observed. H-mode in

tokamaks1 is triggered mostly when the heating power

exceeds a threshold. Many experiments2 and theories3

ascribed the improved confinement to the formation of the

steady sheared flows, which can stabilize plasma turbulence

and form a transport barrier. The sheared flow in plasmas

can be spontaneously generated by nonlinear interaction of

the edge turbulence (zonal flows), or induced by externally

applied radial electric fields (E� B drift). It was first demon-

strated in the Continuous Current Tokamak (CCT) experi-

ments4 that a sharp transport barrier, accompanied by an

H-mode like state, is triggered by applied radial electric

fields. Subsequently, many experiments have used external

bias to study modification of the plasma turbulence and

transport.5–8

Recent experiments8–10 in the upgraded Large Plasma

Device11 (LAPD) at the University of California, Los

Angeles (UCLA) have studied the effect of the sheared flow

on the edge turbulence and turbulent transport by biasing a

section of the vacuum chamber wall. Linear and nonlinear

simulations to model the plasma instabilities based on LAPD

parameters are also developed.12,13 In the current experi-

ment, an annular-shaped obstacle with inner radius of 6 cm

is placed concentrically with the main plasma of LAPD. The

obstacle partially blocks the plasma source and induces a

plasma column 12 cm in diameter downstream. The obstacle

is biased by an external power supply, leading to sheared

E� B drift at the edge of the plasma column. Modifications

of the plasma characteristics and turbulent transport by

changing the amplitude of the bias on the obstacle (Vbias), the

axial magnetic field (Bz) strength and the plasma species (he-

lium or neon) are fully documented and studied in this

experiment. A companion paper14 discusses the effect of

these fluctuations on the transport of energetic ions.

Here we summarize the primary results reported in this

paper. Two very different states of plasma characteristics are

observed with varied control parameters (Vbias, Bz and plasma

species). Compared to the plasma characteristics with the ob-

stacle floating, in one parameter regime, improved plasma

confinement is observed during the 3 ms pulsed biasing time,

featuring a steeper edge density gradient and increased plasma

density. In another parameter regime, the plasma density

drops significantly during the biasing time and large radially

outward transport is observed. Such cases are called plasma

depletion for the rest of this paper. It is evident that the veloc-

ity and shearing rate of the radially sheared azimuthal flow

plays an important role in both states. The plasma depletion is

also found to be associated with relatively large ion sound ra-

dius (qs). The plasma density evolution during the biasing

time is explained clearly by the particle flux profiles and the

density and potential fluctuation spectra. For cases with

improved confinement, significant change in the particle flux

direction occurs at the sheared-flow layer, leading to reversed

particle flux profiles. The two-dimensional correlation func-

tions of density and potential fluctuations show that the cross
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phase between density and potential is changed by � 180�

across the sheared layer, which explains the reversed direction

of the particle flux in these cases. For cases with plasma

depletion, large radially outward particle flux is observed,

accompanied by low m number (m� 1) modes with large ra-

dial correlation scale length (comparable to the scale size of

the plasma column). Linear analysis based on the Braginskii

two-fluid model suggests that the edge turbulence is driven by

both density gradient (drift wave like instability) and flow

shear (Kelvin-Helmholtz like instability).

The organization of this paper is as follows: The experi-

mental setup and basic plasma parameters are introduced in

Sec. II. Major experimental results including the particle flux

profiles and the spectral analysis of the edge turbulence are

reported in Sec. III. In Sec. IV, the possible wave modes are

discussed and linear analyses of the wave dispersion rela-

tions and growth rates based on a two-fluid model are pre-

sented. Conclusions are drawn in Sec. V.

II. EXPERIMENTAL SETUP

The experiments were performed in plasmas generated in

the upgraded LAPD at the University of California, Los

Angeles. The LAPD is an 20 -m-long, 1 -m-diameter cylindri-

cal vacuum chamber, coaxial with 56 solenoid magnetic field

coils. Pulsed plasmas with �10 ms duration are created using

a barium oxide coated cathode source at 1 Hz repetition rate.

During the pulse time, fast electrons with energy of �50 eV

are created. These electrons flow along the axial magnetic

field line through the gridded anode and ionize the working

gas in the main chamber to form a plasma column. The

plasma column has a diameter of �70 cm. The axial mag-

netic field in this experiment is uniform and ranges from 600

G to 1800 G. Typical plasma parameters during the active dis-

charge are plasma density ne � 2:5� 1012 cm�3, electron

temperature Te � 5 eV, ion temperature Ti � 1 eV. The

working gases used in this experiment are helium and neon.

The experimental setup is shown schematically in Fig. 1. A

copper, annular obstacle is inserted concentrically in the main

plasma. The obstacle has inner diameter of 12 cm and outer

diameter of 20 cm. Downstream from the obstacle, a plasma

column with diameter of 12 cm and steep edge density gradi-

ent is formed. The obstacle shaft and the LAPD anode are

connected by a bias circuit including acapacitor bank and an

IGBT (Insulated Gate Bipolar Transistor) switch. A pulsed

bias with �3 ms duration time is imposed on the obstacle dur-

ing the steady portion of the LAPD discharge. The biasing

voltage in this experiment is up to 250 V, and it establishes ra-

dial electric fields and spins the edge of the 12 cm-diameter

plasma column through E� B drift. Figure 2 shows typical

profiles of the plasma density ne, root-mean-square (rms) of

ion saturation current (Isat) fluctuation, and the plasma poten-

tial Vp, measured by Langmuir probes (described below) 0.3

m downstream from the annulus when the bias voltage is 100

V. Steep radial density and potential gradients are both local-

ized at the inner edge of the obstacle (r� 6 cm), along with

large Isat fluctuation power. In the region within r< 6 cm, the

applied radial electric fields are shorted by the fast electron

population, which ties the local plasma potential to the plasma

FIG. 1. (Color online) Schematic of LAPD including the annular obstacle

and the biasing circuit. The annular obstacle blocks the ionizing fast elec-

trons generated during the cathode-anode discharge and forms a plasma col-

umn with 12 cm diameter downstream.

FIG. 2. (Color online) (a) Schematic of the LAPD end-view. The

copper obstacle can be biased relative to the LAPD anode by an external

power supply. (b) Typical helium plasma density profile. (c) Typical

root-mean-square (RMS) fluctuation of the ion saturation current. (d) Plasma

potential profile 0.3 m downstream from the obstacle when the obstacle is

biased to 100 V in helium plasma.
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source. Thus the effects of applied electric fields and sheared

E� B flow are limited to the obstacle edge regions.

Measurements of density, potential, temperature, and

their fluctuations are made using Langmuir probes. A 3-tip

probe is used as a triple Langmuir probe15 to measure the

fluctuations of ion saturation current (Isat / ne

ffiffiffiffiffi
Te

p
), floating

potential (Vf ) and electron temperature (Te). A 65 V bias is

applied between two tips measuring Isat to reject the primary

electrons. A single-tip probe is also used as a swept Lang-

muir probe to measure the equilibrium profiles of plasma

potential (Vp) and electron temperature. Two different meth-

ods are used to quantify the sheared flow profile. Firstly, the

E� B drift velocity is calculated from the plasma potential

profile measured by a swept Langmuir probe. Then, a Gun-

destrup (Mach) probe16 with six faces is used to measure the

flows directly in several bias voltages. Figure 3 shows the ra-

dial profiles of the flow velocity measured by both methods

in helium plasma with 150 V bias on the annulus. The flow

velocity peaks at r¼ 6 cm and 10 cm, which aligns to the

inner and outer edge of the annular obstacle. The peak

velocity is comparable to the ion sound speed vs with

Mach number �1 (vs �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KTe=Mi

p
� 1:1� 106 cm=s). The

velocity profile measured by the Mach probe agrees the cal-

culated E� B drift. And the E� B drift velocity is much

larger than the electron diamagnetic drift velocity

(vDe ¼ ðkTe=eBzÞðn00=n0Þ � 2� 105 cm=s). This suggests

that the E� B drift dominates the plasma edge flow dynam-

ics. The fluctuations of the magnetic fields are measured by a

B-dot probe. A typical magnetic fluctuation level observed is

dB=Bz � 0:1%, so the electrostatic approximation is

assumed in all of the analysis below.

The relation between the external bias applied to the ob-

stacle and the plasma potential (Vp) formed downstream of

the obstacle is shown in Fig. 4(a), measured in neon plasmas

with Bz¼ 1200 G. The plasma potential profiles are meas-

ured by a swept Langmuir probe located 0.3 m downstream

of the obstacle. Then the Vp profiles are fit by a function of

the form A2 þ ðA1 � A2Þ=ð1þ eðx�x0Þ=dxÞ, where A1, A2, x0,

and dx are constants. The azimuthal E� B velocity and the

shearing rate are derived from gradients of the fitted potential

FIG. 3. (Color online) Profile of plasma flow velocity measured by the

Mach probe (dashed line) and the E� B drift velocity profile (solid line) cal-

culated from the plasma potential (Vp) measurement of a swept Langmuir

probe.

FIG. 4. (Color online) Profiles of

plasma potential with fit (Vp), azimuthal

E� B drift velocity (vh), shearing rate

(cE�B) and electron temperature (Te) for

several bias values (neon plasma,

Bz ¼ 1200 G). Measurement of Vp and

Te are made by a swept Langmuir probe,

while vh and cE�B are calculated based

on the fitted Vp profiles.
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profiles. Profiles of the azimuthal velocity vh and the

shearing rate c (defined as c ¼ @vh=@r) are shown in Figs.

4(b) and 4(c), with electron temperature profiles in Fig. 4(d).

The peak plasma potential and the azimuthal drift velocity

both increase with the bias on the obstacle. However, the

shearing rate peaks at 50 V-75 V bias, while with 125 V

bias, the maximum of the shearing rate shifts radially inward

significantly. The Te profile is approximately constant with

bias up to 75 V, and increases by �20% with 125 V bias.

III. EXPERIMENTAL RESULTS

A. Overview

In this experiment, the plasma edge turbulence and the

associated turbulent transport are modified in three different

ways: (a) alter the bias voltage Vbias that is applied on the an-

nular obstacle (0 V–250 V), (b) change the axial magnetic

field strength Bz (600 G–1800 G), and (c) switch the plasma

species (helium or neon). A previous study on the modifica-

tion of the LAPD edge turbulence by biasing the vacuum

vessel8 shows that the amplitude and shearing rate of the

edge flow are crucial parameters in the confinement transi-

tion. Studies of the gradient driven instabilities (e.g., the dis-

cussion of fig. 4 in Ref. 17) usually suggest that the scale

size of the turbulent structure is proportional to the ion sound

radius qs. So, in this experiment, it is expected that the edge

turbulence and transport are associated with both the azi-

muthal flow induced by the E� B drift and the value of qs.

Figure 5 plots all the cases studied in this experiment in term

of the values of (Vbias=Bz) and (q�1
s ), with control parameters

(plasma species, Vbias and Bz) noted. The observed plasma

characteristics can be categorized into two very different

states: enhanced density confinement (blue diamonds) and

density depletion (red triangles). Typical spatial-temporal

evolutions of Isat signals for both states are shown in Figs.

6(a) and 6(b). Comparison of plasma density profile

(ne / Isat=
ffiffiffiffiffi
Te

p
) before the end of the pulsed bias in these

cases are shown in Fig. 7(a). The plasma characteristics

when no bias is applied to the obstacle (floating obstacle) is

usually used for comparison. In cases with improved con-

finement [Fig. 6(a)], a much steeper edge density gradient,

associated with increasing plasma density within the plasma

column is observed. In helium plasma, the density growth is

more significant at the edge region of the column; while in

neon plasma, the density growth is larger near the center

region. In cases with “density depletion” [Fig. 6(b)], the den-

sity of the plasma column transiently increases in the central

region upon the application of the bias, then decreases rap-

idly during the remainder of the biasing pulse, becoming

totally depleted in some cases. Meanwhile, the density

downstream of the obstacle outer edge (r � 10 cm region)

FIG. 5. (Color online) Plot of all cases studied with control parameters

marked. Horizontal axis indicates the direction of increasing flow velocity;

vertical axis indicates the direction of decreasing ion sound radius (qs).

Dotted line is drawn to guide the eye. Cases with large radial transport and

plasma depletion tend to be associated with large flow velocity and large qs.

FIG. 6. (Color online) Space and time resolved ion saturation current (Isat)

profiles in (a) a case of improved confinement and (b) a case of plasma

depletion.
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increases during the bias pulse, with the time sequence corre-

lated to the depletion of the inner plasma column [Fig. 7(b)].

This is observed in all cases with density depletion, suggest-

ing that large cross-field transport happens in the radial

direction during the biasing time. Overall, enhanced confine-

ment cases are usually associated with smaller qs and slower

edge E� B flow velocity (upper-left in Fig. 5), while density

depletion cases are associated with larger qs and faster edge

E� B flow (lower-right in Fig. 5).

The density evolutions during the bias pulse for both

states are also suggested by the high-speed camera imaging

data (Fig. 8), which observes the visible light intensity from

the end-window of the LAPD. Typical cases with improved

confinement or density depletion are investigated. The evolu-

tion of the light intensity observed after the pulsed bias is

applied (at �0 ms in Fig. 8) agrees with the Isat data.

B. Confinement transition and radial flux

To understand the transition from improved confinement

to depletion of the plasma density, three sets of data are ana-

lyzed in detail: (a) in helium plasma with Bz ¼ 1200 G and

Vbias ¼ 25 V� 250V; (b) in neon plasma with Bz ¼ 1200 G

and Vbias ¼ 25 V� 150 V; (c) in helium plasma with

Vbias ¼ 150 V and Bz ¼ 600 G� 1800 G. To quantify the

density evolution when sweeping the bias or the axial mag-

netic field, the averaged densities at the center region of the

plasma column (r � 2 cm) are calculated from the Isat mea-

surement. Figure 9 shows the plasma densities �ne; r�2 cm, nor-

malized to the density when no bias is applied on the annular

obstacle. The no-bias case is used as a reference to minimize

the uncertainty induced by changes in machine condition

(such as the discharge power and the cathode condition) for

data acquired at different run times. It is observed that in

helium plasmas with Bz ¼ 1200 G [Fig. 9(a)], the central

density linearly increases with the applied bias. A similar

density increase is also initially observed in neon plasmas,

FIG. 7. (Color online) (a) Density profiles (ne
~Isat=

ffiffiffiffiffi
Te

p
) in cases with

improved confinement (dashed line), plasma depletion (dashed-dotted line),

and when the obstacle is floating (solid line), with control parameters

marked. (b) The contour of time and space resolved Isat signal in helium

plasma with Bz ¼ 600G and Vbias ¼ 150V. The positions of the inner and

outer radius of the obstacle is marked (dashed-dotted lines). Outward density

transport is indicated by the simultaneous evolution of the Isat signal at the

inner plasma column and the outer-edge plasma.

FIG. 8. (Color online) Intensity of the visible light measured by the high-

speed camera imaging for (a) improved confinement and (b) density deple-

tion. The camera is located at the north end-window of LAPD and facing the

cathode. The black annular region suggests the shadow of the obstacle. The

obstacle bias pulse starts at 0 ms.
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until the transition to large outward transport occurs at

Vbias � 100 V [Fig. 9(b)]. The confinement transition corre-

lates with the scale length of the ion sound gyroradius qs.

For the same edge biasing (Vbias � 100 V) and field

(Bz ¼ 1200 G), the confinement transition happens in neon

plasma (with qs ¼ 0:85 cm), but not in helium plasma (with

qs ¼ 0:38 cm). In helium plasmas, the confinement transi-

tion happens when Bz � 900 G [Fig. 9(c),qs � 0:51 cm ].

Direct evaluations of the radial particle flux are made

using the ~Isat and the floating potential ~Vf data measured

simultaneously by triple probes. The electrostatically driven

particle flux is calculated by

Cn ¼ nvrh i ¼ nEhh i
Bz

¼ 2

B

ð1
0

jnðxÞjjEhðxÞjcn;Eh
ðxÞ cosðhn;EhðxÞÞdx; (1)

where nðxÞ and EhðxÞ are the FFT density and azimuthal

electric field, cn;Eh
ðxÞ and hn;EhðxÞ are the cross-coherency

and cross-phase between nðxÞ and EhðxÞ. The fluctuation of

the azimuthal electric field is not directly measured in this

experiment. Instead, an estimate of jEhðxÞj is made using

the fluctuation of the floating potential ~Vf. Assuming the

waves at the edge plasma have a drift-wave like dispersion

relation (kh � x) and that the electron temperature fluctua-

tion ~Te=Te is much smaller than the density fluctuation

~ne=ne, one can estimate the four terms in Eq. (1) by

j~Isatj / j~ne

ffiffiffiffiffi
Te

p
j / j~nej

j ~EhðxÞj � j � rh
~/ðxÞj � jkh

~/ðxÞj � j x
vD

~/ðxÞj

/ jx � ~/ðxÞj;

cn;Eh
ðxÞ ’ cn;/ðxÞ;

cosðhn;EhðxÞÞ � cosðhn;/ðxÞ �
p
2
Þ � sinðhn;/ðxÞÞ:

Then the radial particle flux profile CnðrÞ can be calculated.

Figure 10(a) shows the evolution of the radial flux profiles as

a function of the bias on the obstacle. Positive flux indicates

radially outward transport and negative flux indicates inward

transport. It is known from Eq. (1) that the direction of the

FIG. 9. (Color online) Evolution of the averaged density at the center of the

plasma column (r � 2 cm) with increased bias voltage on the obstacle

(Vbias) or axial magnetic field (Bz). The densities are normalized to the aver-

aged plasma density when the obstacle is floating. Diamonds represent cases

with improved confinement, while triangles represent cases with plasma

depletion.

FIG. 10. (Color online) (a) Radial parti-

cle flux profiles with increasing bias on

the obstacle in neon plasma with

Bz ¼ 1200 G. Positive flux represents

radially outward. (b) Radial particle flux

profiles with various Bz in helium

plasma with 150 V bias on the obstacle.

All profiles are averaged over the �3 ms

bias time.
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radial flux only depends on the sign of sinðhn;/ðxÞÞ, which

suggests that the cross-phase between the density and poten-

tial structures is very important in the radial transport. When

increasing the bias on the obstacle from 0 V to 75 V (the

cases with improved confinement), a sheared radial flux pro-

file is observed at the edge of the plasma column, where the

maximum flow shear is localized. Outward radial flux is

observed at the inner region of the plasma edge. However, a

steep change of the radial flux profile, with an inward flux

layer at the outer region of the plasma edge, is formed. The

reversed flux profile across the radius leads to steeper edge

density gradient and improved plasma confinement. The am-

plitude of the outward and inward flux both increase with the

bias voltage, indicating that the sheared azimuthal flow plays

an important role in the formation of the flux reversal. Simi-

lar flux profiles are observed in the edge plasmas of toka-

maks (e.g., in TEXTOR (Ref. 18)) and basic devices (e.g., in

CSDX (Ref. 19)), where sheared edge flows are driven either

by applied external radial electric fields or by the self-

generated nonlinear zonal flow. However, when the bias is

further increased (Vbias � 100 V, cases with density deple-

tion), the outward particle transport dominates the radial flux

profiles, and the radial width of the outward flux is compara-

ble to the radius of the plasma column. These results agree

well with the observed density evolution within the plasma

column in all the cases. The evolution of the radial flux with

modified Bz is shown in Figure 10(b). Bz is also an effective

control parameter to modify the flow velocity. In addition, it

affects the turbulent waves by modifying the scale length

of qs. The radial particle flux profiles are similar to that with

Vbias modified. Strong axial magnetic field is favorable to

improved plasma confinement, while weak field leads to

large outward transport and plasma depletion. This is also

consistent with the observed density profiles in these cases.

C. Spectrum and correlation profiles of the edge
turbulence

Having examined the radial flux profiles of the cases

with both improved confinement and density depletion, we

now turn to the plasma edge fluctuations that account for the

density behavior. Figure 11 shows the radial profiles of the

Isat fluctuating power during the 3-ms pulsed bias on the ob-

stacle, integrated over all frequencies and normalized to the

maximum fluctuating power. It is observed that the radial

location and extent of the fluctuating power is closely associ-

ated with the turbulent transport. Under larger Bz (lower

VE�B and smaller qs), the density fluctuation is localized at

the edge region of the plasma column (r � 6 cm) and has a

radial extent of �2 cm [Fig. 11(a)]. With the axial magnetic

field lowered to Bz � 900 G, the fluctuations extend through-

out the entire plasma column. The lowered total power in

cases with small Bz is mainly the result of the rapid density

decline during the pulse time, rather than the suppression of

the turbulence. Similarly, when the obstacle bias is modified

[Fig. 11(b)], in the cases with improved confinement

(Vbias ¼ 0V � 75 V), the fluctuations are localized at the

edge region while, in the cases with density depletion

(Vbias � 100 V), the radial span of the fluctuation power pro-

file is comparable to the radius of the plasma column. These

fluctuation profiles suggest that electrostatic turbulent trans-

port causes the steepening and flattening of the density pro-

file that was described in Sec. III B.

Figure 12 presents space and frequency resolved power

spectra for six bias voltages (a-f), and the two-dimensional

cross-field correlation function of Isat fluctuations under 75 V

and 125 V bias (g-h) in neon plasmas. The frequency range

of the edge fluctuations is �0-30 kHz (the ion cyclotron fre-

quency in this experiment is fci ¼ 457kHz in helium plasma

and fci ¼ 91kHz in neon plasma with Bz ¼ 1200 G). The fre-

quency gaps between adjacent peaks in the spectrum

increase with biasing voltage, indicating the effect of the

Doppler-shift in frequency due to larger flow velocity. The

two-dimensional (2D) correlation profiles are measured by

two Langmuir probes, located downstream of the annulus

and separated by 0.3 m. The parallel wavelengths of the edge

fluctuations are also measured using 2-point correlation tech-

niques, with Langmuir probes separated by various distan-

ces. The observed parallel wavelength is kjj � 15m, which is

comparable to the machine length. Thus the 2D correlation

measurements mostly reveal the mode structures perpendicu-

lar to the magnetic field. The correlation function with 75 V

FIG. 11. (Color online) (a) Radial profiles of the

fluctuating power of Isat (averaged over the 3-ms

bias time and totaled over 2-100 kHz) with various

Bz in helium plasma with 150 V bias on the obsta-

cle. Positive flux represents radially outward. (b)

Radial profiles of the fluctuating power of Isat with

increasing bias on the obstacle in neon plasma with

Bz ¼ 1200G.
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bias [Fig. 12(g)] indicates waves with an average mode num-

ber �m � 2. The correlated structures are asymmetric, elon-

gated in the azimuthal direction. In contrast, with 125 V bias

[Fig. 12(h)], an m ¼ 1 mode dominates. It suggests from the

power spectrum that the mode numbers of the dominant

modes decrease with increasing bias. The radial correlation

length of the m ¼ 1 mode structure is �6 cm, which is con-

sistent with the observed fluctuating power and flux profile.

Moreover, the m ¼ 1 mode is favorable for outward particle

transport: the mode structure extends to the core region of

the plasma column and large radial transport along the equi-

potential line is expected.

The correlation between density depletion and the m¼ 1

mode is also evident by the time evolution of the fluctuation

power spectrum at different bias. Figure 13 shows the time

evolution of the ion saturation current (Isat) power spectrum

for cases discussed above, calculated by Fast Fourier Trans-

form (FFT) with moving time window. With 75 V bias on

the annulus, the power spectrum is steady during the �3 ms

pulse time, and modes with m¼ 1 - 4 have comparable am-

plitude. With 100 V - 150 V bias, damping of the modes are

observed during the bias time, especially modes with higher

m numbers. The up-chirping of the mode frequencies are

usually observed in cases with density depletion. With

decreasing plasma density during the bias time, the potential

applied on the annular obstacle are less shielded by plasmas,

which induces larger E� B drift velocity. This is reflected

by a larger Doppler shift effect in frequency in the power

spectrum, which explains the up-chirping of the mode fre-

quencies. In all cases with density depletion, it is observed

that the m¼ 1 mode dominates in the power spectrum.

Similar dependencies on the control parameter are

observed when the bias is kept constant and the axial mag-

netic field is varied (Fig. 14). With lower Bz, the edge

FIG. 12. (Color online) (a-f) Space

resolved Isat FFT power spectra in neon

plasma with Bz ¼ 1200G and increasing

Vbias. (g-h) Two-dimensional cross-field

correlation functions for Isat fluctuations

in cases (d) and (f).
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fluctuations have smaller azimuthal mode numbers. Cases

with density depletion are also associated with the m ¼ 1

mode and with large radial correlation length [Fig. 14(h)].

The radial flux profile changes sign at the plasma edge

(Fig. 10). The mechanism responsible for this reversal is re-

versal of the cross-phase hn;/ between the density and the

potential structures. Figure 15 shows the 2-point cross-corre-

lation functions of Isat (colored contour) and the floating

potential Vf (white dotted contour), measured using the same

triple-probe-pair in helium plasma with 100 V bias at the ob-

stacle (a case with improved confinement). The floating

potential signal is adjusted according to the phase between

the Isat and Vf signals at the reference probe, so that Fig. 15

reflect a snapshot of the density and potential structure with

the right relative phase between them. The red dashed line

indicates the inner edge of the obstacle, which also shows

where the radial particle flux reverses its direction. Due to

the sheared edge flow, the density and potential fluctuations

develop radially sheared structures. The overlap between Isat

and Vf structures suggests that a dramatic phase change

between density and potential happens across the edge

region. Opposite phases between Isat and Vf are observed at

the inner and the outer region of the plasma edge (red dashed

line). This result clearly confirms that changes in hn;/ cause

the observed reversal in radial particle flux.

IV. DISCUSSION AND LINEAR ANALYSIS OF THE
EDGE MODES

Identification of the wave modes of the observed edge

turbulence is important in understanding the mechanisms of

the particle flux and the effects of the biasing on the obstacle.

The mode transition in a magnetized plasma column with

sheared rotation has been discussed in several publica-

tions.9,20 In the current experiment, large local radial varia-

tion of the phase for plasma potential (90� � 180�, indicated

in Fig. 15) is observed, which is a signature of the Kelvin-

Helmholtz instability (as discussed in Ref. 20). However, the

fact that the density and potential fluctuation has comparable

fluctuation amplitude (dn=n � e/=kTe � 0:5) indicates that

the density-gradient driven waves are also important in the

edge fluctuation. In LAPD edge plasmas with radial electric

field applied by edge biasing, a parameter regime where the

turbulence is driven by both density gradient and sheared az-

imuthal flow is observed (so called Drift-Wave-Kelvin-

Helmholtz (DWKH) regime, see Ref. 9). In DWKH regime,

density and potential fluctuations are comparable, and the

scale length of the radial velocity shear is comparable to

the density gradient. In this experiment, the scale length of

the density gradient (Ln � 2 cm) and the velocity gradient

(Lv ¼ j ln vhj�1 � 2 cm) are comparable to each other, which

also fits with the DWKH parameter regime.

Linear analysis on the edge wave modes is done using a

Braginskii two-fluid model.21 Although full nonlinear simu-

lation might be necessary to compare with the experimental

results, simple analytic solutions of the fluid equations using

the experimental parameters help in mode identification. The

fluid equations used here represent conservation of density,

electron and ion momentum, and charge,

(@t + ve �r)n ¼ 0

nmeð@t þ ve � rÞve ¼ �rpe � neðEþ 1

c
ve � BÞ � nme�eive

nmið@t þ vi � rÞvi ¼ neðEþ 1

c
vi � BÞ � nmi�invi

r � J ¼ 0; J ¼ enðvijj � vejjÞ þ enðvi? � ve?Þ:

A detailed description of the application of the two-fluid

model on LAPD edge turbulence can be found in Ref. 12.

Here we present the linear solutions of the fluid equa-

tions using experimentally obtained profiles of the plasma

density and potential. The instabilities investigated are drift-

wave (DW), interchange instability (IC), and Kelvin-

Helmholtz instability (KH). Their frequencies and growth

rates are compared. The density profile used in all cases is

obtained in neon plasma with 75 V bias. Different potential

profiles are used to model specific instabilities. The resistive

drift wave branch is driven by the gradient of the density

profile alone [Fig. 16(a)]. To model the interchange mode

(IC) induced by the plasma rotation, a uniform-rotation

potential profile /0ðrÞ ¼ Xr2=2 is chosen [Fig. 16(b)] with

FIG. 13. (Color online) Time evolution

of the power spectrum of fluctuations in

ion saturation current for different bias

voltage on the annulus. (a) Vbias¼ 75 V

(case with enhanced plasma confine-

ment), (b)-(d) Vbias¼ 100-150 V (cases

with depletion in plasma density).
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the rotation frequency comparable to the maximum rotation

frequency in the experimental potential profile. The parallel

wave number is also set to zero. This removes the drift-wave

(requires finite parallel wave number) and the Kelvin-

Helmholtz instability (requires sheared flow profile)

branches from the solution. Pure Kelvin-Helmholtz instabil-

ity is calculated using a flat density profile but a sheared

E� B flow [Fig. 16(c)]. Finally, experimental profiles of

density and potential [Fig. 16(d)] are used to calculate the

dispersion relation for the drift-wave-Kelvin-Helmholtz

(DWKH) mode. The numerical solutions of the frequencies

and growth rates (both normalized to the ion cyclotron fre-

quency xci) for these instabilities are shown in Figs. 16(e)

and 16(f). The dispersion relation for both DWKH modes

and KH modes agrees with the experimental data. This con-

firms that the Doppler-shifted frequency spectra observed in

this experiment are dominated by the azimuthal flow induced

by biasing. The growth rates of the DWKH modes are the

largest among all cases examined. The maximum of the

growth rate in DWKH mode is at mh ¼ 6, which is larger but

comparable to the experimental observation [ mh � 1� 4,

see Figs. 12(d) and 12(g)]. The discrepancy on the mode

number between the linear analysis and the experiment may

be due to inaccurate modeling of dissipation, or insufficiency

of using a linear model to compare with the nonlinear state

measured in the experiment.

The effect of different obstacle-bias voltages on the

mode growth rates for the DWKH modes are also explored

using the linear model. The experimentally measured plasma

potential profiles at various bias voltages in neon plasmas

[Fig. 17(a)] are used in the model. Figure 17(b) shows the m

numbers of the modes with the largest growth rate (c), in

four cases with different bias on the annulus. The simulation

result shows that the dominant mode number decreases with

increasing bias. This agrees with the observation (Fig. 12)

very well.

FIG. 14. (Color online) (a-e) Space

resolved Isat FFT power spectra in he-

lium plasma with Vbias ¼ 150V and

decreasing Bz. (f-h) Two-dimensional

cross-field correlation functions for Isat

fluctuations in cases (a), (c), and (d).
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Overall, the analysis of the linear instabilities for the

plasma column supports the idea that the edge turbulence is

co-driven by the steep density gradient and the large sheared

azimuthal flow, and that the edge E� B drift dominates the

dispersion relation of the fluctuation. However, some aspects

of the experiment, such as the damping rate of the high m

number modes with large bias and the radial correlation scale

of the low m modes (which leads to plasma depletion), are

not correctly simulated by linear modeling. Kinetic effects

might also play an important role in the instabilities,

especially in cases with neon plasmas and low axial magnetic

fields. The boundary condition used in the linear model is

periodic, thus the effect due to the fixed boundary at the

LAPD end is not included. Such boundary condition may

lead to a so-called “line-tying” effect, which is stabilizing the

Kelvin-Helmholtz mode.22 Full nonlinear simulation (e.g., by

using the BOUT (Refs. 13 and 23) three-dimensional Bragin-

skii fluid turbulence code) is necessary to reach quantitative

agreement with the experimental data.

V. CONCLUSION

A plasma column with 12 cm in diameter is formed by

inserting an annular shaped obstacle concentrically with the

main plasma in the LAPD. Sheared E� B flow is applied to

the edge of the plasma column by biasing the obstacle. Modi-

fication of the plasma characteristics and cross-field transport

FIG. 15. (Color online) Two-dimensional cross-field correlation functions

for Isat fluctuations (color-filled contour) and the fluctuation of the floating

potential Vf (white-dashed contour). The red dashed line indicates the edge

of obstacle.

FIG. 16. (Color online) (a-c) Density and potential

profiles used for calculating drift wave, interchange,

and Kelvin-Helmholtz branches of the dispersion

relation for the experimental parameters. (d) Experi-

mental density and potential profiles in neon plasma

with 75 V bias on the obstacle. (e-f) frequency and

growth rate of the instabilities as a function of azi-

muthal mode number. The measured data are plot-

ted in squares.

FIG. 17. (Color online). (a) Plasma potential profiles used in the linear

model, measured by swept Langmuir probe. (b) Mode number (m) of modes

with largest growth rate as a function of the annulus bias voltage.
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by changing the obstacle biasing voltage, the strength of the

axial magnetic field and the plasma species are fully studied.

With sheared flow induced, the most significant change

in plasma characteristics is the formation of a reversed parti-

cle flux layer at the plasma edge. The reversal in transport

direction is explained by the �180� change in the cross-

phase between the density and potential fluctuation across

the sheared layer, which improves plasma confinement. It is

also observed that when the control parameters are above a

threshold, the cross-field transport is enhanced dramatically,

leading to depletion of the plasma density. In the fluctuation

power spectrum, the depletion cases are associated with the

dominant m¼ 1 mode and the damping of the high m num-

ber modes with large Doppler-shift in frequency.

The experimental setup reported in this paper provides an

effective way to study the modification and control of the

edge plasma characteristics and edge transport, which helps to

understand the basic mechanisms of the transport induced by

gradient-driven and shear-driven edge turbulent waves. Sev-

eral extensions of this experiment will be rich in physics and

interesting. First, it is predicted that the Kelvin-Helmholtz

like instabilities can be suppressed by magnetic shear.2 As a

linear device, LAPD has only axial magnetic field. However,

magnetic shear could be introduced experimentally, and stud-

ies on the modification of the edge turbulence by magnetic

shear is practical and of great interest. Also, the diameter of

the plasma column affects the edge turbulence. Studies in

these aspects will help to better understand the mechanism of

the sheared-flow induced confinement transition.
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