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A plasma flow structure is investigated using a Mach probe under detached plasma condition in a

linear plasma device NAGDIS-II. A reverse flow along the magnetic field is observed in a steady-

state at far-peripheral region of the plasma column in the upstream side from the recombination

front. These experimental results indicate that plasma near the recombination front should strongly

diffuse across the magnetic field, and it should be transported along the magnetic field in the reverse

flow direction. Furthermore, bursty plasma density fluctuations associated with intermittent convec-

tive plasma transport are observed in the far-peripheral region of the plasma column in both

upstream and downstream sides from the recombination front. Such a nondiffusive transport can

contribute to the intermittent reverse plasma flow, and the experimental results indicate that intermit-

tent transports are frequently produced near the recombination front. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4940310]

I. INTRODUCTION

It is important to study the structure of plasma flow along

magnetic field lines in the scrape-off layer (SOL) of magneti-

cally confined fusion devices.1 Plasma flow influences the im-

purity transport, impurity screening properties, and profile of

material deposition on plasma facing components (PFCs). In

addition, the SOL current, which is an important flow in the

SOL, causes the asymmetry of inner-and-outer divertor

plasma.2 This asymmetry affects the formation of detached

plasma and particle control with pumping in the divertor

region. Many SOL flow measurements by using Mach probes

were performed at different poloidal locations in tokamak

devices such as JT-60U,3,4 JET,5,6 AlcatorC-Mod,7,8 TCV,9

DIII-D,10 ASDEX-Upgrade,11,12 and ToreSupra.13 It is sug-

gested that the stagnation point is between the low field side

(LFS) midplane and the LFS SOL near the X-point.

Furthermore, a subsonic flow with a parallel Mach number of

0.2–1.0 was observed from the LFS SOL to the high field side

(HFS) divertor in the lower single null (LSN) divertor geome-

try. This flow pattern was described for several reasons, e.g.,

the ion B�$B drift toward the divertor, plasma pressure dif-

ference between the HFS and the LFS SOL,14 and asymmetry

of the inner-and-outer divertor plasma.

On the other hand, a detached divertor operation is pro-

posed because it has the potential to reduce the high heat and

particle fluxes in the divertor plate.15 For detaching the

plasma from the divertor plate, it is necessary to increase the

neutral gas pressure by applying additional gas puffing or by

enhancing particle recycling. Some experiments on the static

and dynamic plasma behaviors at a high neutral pressure

were conducted using linear plasma devices NAGDIS-

II,16,17 MAP-II,18 and PISCES-A.19 In addition, plasma flow

was also measured by varying the neutral gas pressure, P, in

a range of 2–35 mTorr in NAGDIS-II.20 The flow reversal in

the axial direction was observed in the edge region when the

neutral pressure was high (35 mTorr). The mechanism of

reverse plasma flow is not fully understood yet.

In this study, in order to understand the reverse plasma

flow mechanism, we measured plasma flow in the axial

direction by using a Mach probe in the detached plasma of

NAGDIS-II. The experiment was conducted by focusing on

the position of the recombination front in the detached

plasma, and some statistical data processing techniques were

used to analyze the experimental data.

II. EXPERIMENTAL SETUP

Fig. 1 shows a schematic view of the Mach probe head

used for this study. Two tungsten electrodes were placed

0.8 mm inside an alumina tube. The dimension of the

exposed area of each electrode was 0.8 mm in diameter. The

bias voltage for both electrodes was �200 V in order to mea-

sure the ion saturation current (Isat) during the experiment.

The experiments were performed using NAGDIS-II.21

The device generated high-density helium plasma with an

electron density of up to 1020 m�3 in a steady-state. The

magnetic field strength was 0.2 T in this experiment. The de-

vice had a plasma discharge region and a divertor test region,

where the diameter of the plasma column was approximately

20 mm. The length of the plasma column was approximately

2 m, and it was terminated with a floating target plate. When

the neutral gas pressure was increased in the divertor test

region, the detached plasma was formed, while the parame-

ters in the plasma source region were almost constant

because the configuration of the device could create a pres-

sure difference of two orders magnitude between the divertor

test region and the plasma discharge region. Under the

detached plasma condition, both ionizing and recombining

plasma coexisted along the magnetic field. The ionizing

plasma and the recombining plasma were located in
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upstream and downstream sides, respectively. The recombi-

nation front, which was located between the ionizing and

recombining plasma, played an important role in the plasma

detachment. At the recombination front, where the strong emis-

sions from highly excited levels were observed, low-temperature

and high-density plasma was disappeared due to the volumetric

recombination.22–24 The axial position of the recombination

fronts was shifted by controlling the neutral gas pressure.

The Mach probe was set along the magnetic field to

measure plasma flow along the magnetic field. Plasma flow

was measured under conditions that the Mach probe was

downstream (Fig. 2(a)) and upstream (Fig. 2(b)) from the

recombination front. The pressure, which was measured near

the Mach probe, was 28 and 10 mTorr in the former and lat-

ter cases, respectively. Fig. 3 shows the radial profile of the

time-averaged Isat in NAGDIS-II measured using a single

Langmuir probe at the same axial position as the Mach probe

at P of 28 and 10 mTorr. As shown in Fig. 3, in this study,

the flow measurement was conducted in the peripheral

region of the plasma column.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Measurement of the ion saturation current

Figs. 4(a) and 5(a) show the time evolution of Isat meas-

ured by two electrodes (facing the upstream and downstream

sides) of the Mach probe at a radial position, r, of 30 mm

when the Mach probe is downstream and upstream from the

recombination front, respectively. In addition, Figs. 4(b) and

5(b) show the Mach number Mi evaluated by the following

relation25,26 by using the measured Isat

Mi ¼ Mc ln
Iup

Idown

; (1)

where Iup and Idown are the measured Isat of the upstream and

downstream probes, respectively. When Iup is greater than

Idown, plasma flows toward the target plate, and the sign of Mi

is denoted by plus. Mc is assumed 0.45, which is a typical

value under the condition of an approximate equality of the

ion and electron temperatures.27 Further accurate estimation of

the plasma flow velocity requires valid models. In this study,

the relative values of the Mach number are mainly discussed.

We show typical examples of the temporal evolution of

Isat and the Mach number in Figs. 4 and 5. When the Mach

probe is located downstream from the recombination front,

FIG. 1. (a) Schematics of the Mach probe head designed for plasma flow

measurement. (a) The cross section in A and B planes; (b) the side view of

the structure.

FIG. 2. Schematics representing the position of the Mach probe against the

recombination front under the conditions of (a) a high neutral pressure

(P� 28 mTorr) and (b) a low neutral pressure (P� 10 mTorr).

FIG. 3. Radial profile of Isat measured using a single Langmuir probe at a

neutral pressure of 28 mTorr and 10 mTorr.
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Iup is greater than Idown. Moreover, Fig. 4(b) shows that the

Mach number is positive for a long time. These results indicate

that mean plasma flow is from the plasma source region to-

ward the target. In contrast, when the Mach probe is upstream

from the recombination front, Idown is greater than Iup. Hence,

the Mach number shown in Fig. 5(b) is negative. This indicates

that plasma flow reversal occurred by changing the relative

position of the Mach probe to the recombination front.

B. Probability density function (PDF) and the radial
profile of the Mach number

Figs. 6(a) and 6(b) show the PDF of the Mach number,

comparing three different radial positions in the peripheral

region of the plasma column. When the Mach probe is down-

stream from the recombination front (Fig. 6(a)), the PDF has

a peak near Mi� 0.1 for all radial positions. This indicates

that plasma flow from the plasma source region to the target

plate is dominant. However, in Fig. 6(b), the PDF profiles

shift toward the negative side especially at r¼ 30 mm, while

the PDF profile at r¼ 20 mm is in more positive side rather

than Fig. 6(a). This means that plasma flows toward the tar-

get plate inside and near the plasma column in the upstream

region, and flow reversal occurs in the far-peripheral region

of the plasma column. Fig. 6(c) shows the radial profile of

the time-averaged Mach numbers in the upstream and down-

stream sides. In the downstream side, the Mach number is

positive in all radial positions and gradually increases with r.

At r¼ 20 mm, the Mach number in the upstream side

(Mi� 0.25) is greater than that in the downstream side. This

demonstrates that the main plasma flow inside the plasma

column in the upstream region decreases along the magnetic

field induced by momentum losses due to the volumetric

recombination and charge exchange processes near the

recombination front.

C. Skewness of the ion saturation current and the
Mach number

Skewness is defined by the third moment of the PDF as

S ¼ h~I3

sati=h~I
2

sati
3=2

, and it describes the asymmetry property

of the PDF profile. If random processes are dominant, the

PDF profile follows the Gaussian distribution and S¼ 0. In

FIG. 4. Typical time evolutions of (a) Isat measured by each probe and (b)

the Mach number when the Mach probe is downstream from the recombina-

tion front at P� 28 mTorr.

FIG. 5. Typical time evolutions of (a) Isat measured by each probe and (b)

the Mach number when the Mach probe is upstream from the recombination

front at P� 10 mTorr.

FIG. 6. Probability density functions (PDFs) of the Mach number at r¼ 20,

25, and 30 mm, respectively, in cases if the Mach probe is (a) downstream

and (b) upstream from the recombination front. (c) The radial profile of the

time-averaged Mach number when the Mach probe is downstream (closed

circles) and upstream (open circles) from the recombination front.
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particular, in a situation, in which bursty transport occurs

frequently, the waveform of Isat has a number of positive

spikes, and consequently, S> 0. The skewness of Isat from

each probe is shown in Figs. 7(a) and 7(b). It is consistently

positive at all radial positions when the Mach probe is

downstream (Fig. 7(a)) and upstream (Fig. 7(b)) from the

recombination front. This means that the waveforms of Isat

include several positive spikes and bursty transport occurs

frequently. Moreover, Fig. 7(c) indicates that the skewness

of the Mach number is negatively larger upstream from the

recombination front (open circles) than downstream (closed

circles). Because the sign of the Mach number in the far-

peripheral region (especially at r¼ 30 mm) is also negative

(Fig. 6(c)), the intermittent reverse flow toward the plasma

source region can be generated outside the plasma column.

Although the Mach probe theory can be applied to evaluate

the mean flow in a steady-state condition, the time lag of

Isat spikes shows the existence of such intermittent trans-

ports towards the plasma source region and is described in

Sec. IV.

IV. DISCUSSION

Fig. 8 shows a schematic view of the plasma flow struc-

ture as the summary of experimental results described in

Section III, typical photographs showing the transition from

ionizing plasma to recombining plasma taken from the ob-

servation windows, and profiles of the electron temperature,

Te, and the electron density, ne, under the detached condition

along the magnetic field. The arrow size denotes the steady

flow amplitude, based on the Mach number profile demon-

strated in Fig. 6(c). As mentioned above, plasma flow rever-

sal exists in the far-peripheral region of the upstream side.

Because the electron impact ionization process produces

high-density plasma near the recombination front, plasma

can strongly diffuse across the magnetic field due to the ra-

dial density gradient. The photograph also shows a wide

plasma distribution near the recombination front. Then,

plasma diffused to the far-peripheral region is transported

along the magnetic field in both directions to the plasma

source region (upstream) and to the target plate (down-

stream). Hence, the axial localization of an increased density

near the recombination front should lead to an axially local-

ized increased radial transport to the periphery, which then

drains along the magnetic field away from the recombination

front owing to parallel transport, leading to the observed

flow pattern. One of the reasons for generating the axially

localized enhancement of radial transport should be the

enhanced diffusion process across the magnetic field near the

recombination front. For quantifying the radial particle trans-

port, the direct measurements by using the electrostatic

probes, which can estimate the radial flux across the mag-

netic field, are part of the future work.

A second possible reason is the intermittent cross-field

transport observed in linear magnetized plasma.28–31 It

attracted attention as the similar transport associated with

plasma blobs observed in other magnetically confined fusion

devices.32–34 Plasma blob is a large-scale structure of plasma

with a large radial velocity, and it is transported convectively

owing to the effect of the curvature and gradient of the mag-

netic field in the fusion devices. As assumed, because there

is neither curvature nor gradient of the magnetic field in lin-

ear plasma devices, intermittent transport is driven by the

centrifugal force of plasma rotation or the effect of a neutral

wind, which is generated by a charge exchange process in

the plasma column.35 These intermittent plasma transports,

having a higher density than the ambient plasma in the pe-

ripheral region, are extended along the magnetic field lines

after detaching from the bulk plasma and then form filamen-

tary structures. Reference 28 reported the detailed analytical

results on 2D motion across the magnetic field of coherent

FIG. 7. Radial profiles of the skewness of Isat (Iup and Idown) when the Mach

probe is (a) downstream and (b) upstream from the recombination front,

respectively, and (c) the skewness of the Mach number when the Mach

probe is downstream (closed circles) and upstream (open circles) from the

recombination front.

FIG. 8. Schematics representing plasma flow structure, typical photographs

showing the transition from attached to detached plasma taken from the ob-

servation windows, and axial profiles of the electron temperature, and elec-

tron density under the detached condition in NAGDIS-II.
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structures under the detached plasma condition in NAGDIS-

II. Movies taken by a fast-imaging camera show the dynam-

ics of a 2D spiral structure in the peripheral regions

(r� 25 mm) of the plasma column. This spiral structure is

radially localized and propagated far from the plasma col-

umn. Because the skewness of Isat is a large positive value in

this experiment, many positive spikes appear in Isat. The

result indicates that bursty plasma transport occurs fre-

quently in the peripheral region.

Fig. 9 shows the time evolution of the Isat measured in

the so-far-peripheral region (y¼ 60 mm) at different neutral

pressures.36 When the neutral pressure is increased to produce

the fully detached plasma, positive spikes in Isat become wider

and their amplitudes increase. Further, although the averaged

Isat at the center of the plasma column dramatically decreases

the averaged value of Isat increases with the neutral pressure,

as shown in Fig. 9. It is demonstrated that the intermittent

plasma transport is enhanced under the detached condition

and the cross-field transport, depositing the density in the pe-

riphery, should lead to broadening the plasma profile. This

large plasma profile achieved by the intermittent plasma trans-

port plays an important role in the reduction of the particle

and heat flux in the divertor plate.28,37 In addition to the

recombining processes in the detached plasma, broadening of

the plasma profile reduces the local loads to the divertor and

prolongs the lifetime of the PFCs.

The radial intermittent cross-field plasma transport

observed in the linear plasma device was reproduced in kinetic

numerical simulation.38 It was shown that 3D simulations

based on a well-established model of drift-fluid dynamics

reproduced many features of a spiraling intermittent motion in

NAGDIS-II. A broad qualitative agreement is found with

respect to statistical properties and coherent structures. It was

concluded that the plasma source is axially localized along the

magnetic field, and it produces plasma instability, which gen-

erates filamentary plasma structures in the peripheral region of

the plasma column. The localized plasma source in the simula-

tion is likely to correspond to the recombination front in the

detached plasma. In order to reveal the behavior of plasma

instability under the detached condition, further experiments

and theoretical studies are needed.

In order to obtain typical waveforms of Isat spike, a con-

ditional averaging method is employed. Fig. 10(a) shows the

conditional averaged Iup and Idown when reverse plasma flow

occurs at r¼ 30 mm and the Mach probe is upstream from

the recombination front. In this analysis, large bursts of Idown

with a larger peak than 2rþl of the original waveform are

selected and averaged in the same time domain, where r and

l are the standard deviation and the averaged value, respec-

tively. Iup is obtained from the original waveform in the time

range corresponding to the time window for selecting Idown.

The result shows that the positive spike exhibits a rapid

increase and a slow decay. This actually resembles the aver-

aged shape of Isat measured in Large Helical Device (LHD)

and JT-60U.37,39 These results support the fact that the inter-

mittent convective transports are frequently generated at the

recombination front.

A time delay of 5 ls between the Idown peak and the Iup

peak was observed. The cross correlation coefficient39,40

between the Iup and the Idown is given by

FIG. 9. Neutral pressure dependence of the Isat waveforms in the peripheral

region of NAGDIS-II. Reprinted with permission from Ohno et al., J.

Plasma Fusion Res. 80, 275 (2004). Copyright 2009 The Japan Society of

Plasma Science and Nuclear Fusion Research.

FIG. 10. (a) Conditional averaged Iup and Idown at r¼ 30 mm when the Mach

probe is upstream from the recombination front and (b) the cross correlation

coefficient between Iup and Idown. r and l are the standard deviation and

averaged value, respectively.
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RIupIdown
sð Þ ¼

h~Iup tð Þ~Idown tþ sð Þi
h~I2

upi
1=2h~I2

downi
1=2

; (2)

and also shown in Fig. 10(b). Here, hi indicates the averag-

ing, ~I denotes the fluctuation component, ðI�hIiÞ, and s is

the time delay. In this analysis, all waveforms of Isat are cal-

culated for correlation. The correlation peak is located at

s¼�5 ls (Iup has a delay), and the time delay of 5 ls is the

same as for conditional averaging. Therefore, even from the

correlation analysis, intermittent transport is dominant at

r¼ 30 mm upstream from the recombination front. As the

diameter of the Mach probe is 4 mm, the velocity of inter-

mittent transport across the Mach probe is estimated as

�800 m/s. On the other hand, the edge plasma should be

typically transported at 0.2 times the ion sound speed. The

ion sound speed Cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eðTe½eV� þ Ti½eV�Þ=mi

p
[m/s] in the

peripheral region could be estimated by using the Te meas-

ured using a spectroscopic method, where e is the elemen-

tary electric charge and mi is the helium ion mass. In order

to determine Te by using spectroscopy, it was decided to

perform a Boltzmann plot of a series of Balmer-type lines,

which are the transitions from highly excited levels to n¼ 2

level, for helium atoms, where n is the principal quantum

number.41,42 In this experiment, Te� 0.13 eV obtained

using spectroscopy leads to 0.2Cs� 500 m/s, which indi-

cates that the velocity of intermittent transport is greater

than that of the steady-state plasma flow along the magnetic

field.

For future fusion devices, the reverse transport toward

the core plasma from the recombination front will be an

issue because the impurity particles and low temperature

plasma produced by plasma-material and plasma-gas interac-

tions in the divertor region degrade the core plasma confine-

ment. Moreover, intermittent plasma flow, which is

generated at the recombination front and transported with a

higher velocity than the steady flow, affects the impurity

transport owing to the friction force. In Ref. 1, the edge flow

measurements performed for L-mode plasma at various

poloidal positions in tokamak devices with the divertor con-

figuration are reported. It was discussed that the stagnation

point should be between the LFS midplane and the LFS SOL

near the X-point in future experimental devices such as

ITER. Reverse flow from the divertor region contributes to

the shift of the stagnation point towards the LFS midplane.

Furthermore, the impurity particles might not reach the di-

vertor because they can be stopped and accumulated in the

front of the recombination front, which is an effective

plasma source under the detached plasma condition.

V. CONCLUSION

In order to understand the reverse plasma flow mecha-

nism, the flow structure was investigated using a conven-

tional Mach probe under the detached plasma condition in

linear plasma device NAGDIS-II. The time evolution of the

ion saturation current shows the existence of steady-state

reverse flow in the upstream side from the recombination

front. In addition, the PDF shows that reverse flow occurs in

the far-peripheral region of the plasma column. These results

can be described with the diffusion process across the mag-

netic field caused by the radial density gradient near the

recombination front. Furthermore, the bursty plasma trans-

port was observed by calculating the skewness of the Isat.

The intermittent cross-field transport should be one of the

causes for enhancing the radial transport to the periphery,

which then drains along the magnetic field away from the

recombination front owing to parallel transport. The velocity

of intermittent transport across the Mach probe calculated

from the time lag of the Isat spikes in the conditional averag-

ing waveforms is greater than that of steady-state plasma

flow estimated by an optical method.
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