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a b s t r a c t

Transports of plasmas in the edge of fusion devices have similarities in terms of formation of a free
presheath and unclear explanation on the transport process relating the diffusion coefficient (D⊥) to
characteristic length of perturbing for flux tube (Lc). D⊥ and Lc are investigated by generating pertur-
bations in various free presheaths due to a perturbing object located at the axial center of a linear plasma
device, called DiPS (Divertor Plasma Simulator). Free presheaths are generated due to a tungsten per-
turbing object by changing the magnetic flux density. Bounded presheaths are also formed due to a
limiting structure of a magnetic nozzle and due to the given geometry of DiPS. In terms of plasma
discharge currents, radial plasma profiles were measured by using a fast scanning probe system. D⊥ and
Lc within the free presheath regions were calculated by using the measured plasma parameters and
compared with those of bounded presheaths near the chamber walls. Decay length of plasma density
was introduced to calculation of D⊥ . To calculate the perturbation length (L) of free presheaths, a
theoretical scale factor K was introduced as L ¼ KLc using a fluid model. Normalized factor d ¼ D⊥=DB,
where DB ¼ Bohm diffusion coefficient, were obtained as 8 at free presheaths and 11 at bounded
presheaths.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Problem of plasma surface interaction and sheath is one of the
oldest problems, yet is not fully understood. It is not only important
for nearly all applications where a plasma is confined to a finite
volume, but also relevant in plasma technology including fusion
research with undiminished or even growing interest [1e4]. The
performance of core plasma is usually affected by edge scrape-off
layer (SOL) plasmas, and the understanding of mutual in-
teractions among the core, edge plasmas and the surface including
the flow and transport has been one of the key issues in fusion
research [5e8]. All of these problem are linked to momentum or
energy transports of plasma in the SOL and the transport processes
of plasma at these boundary conditions are complex and usually
require extensive numerical simulation or experimental investi-
gation to check the relative importance of the various parameters
and desired optimal conditions for enhanced operation [8,9].
Generally, the plasma density at the center of bulk plasma is higher
ng).
than the sheath or near the walls, which leads to particle diffusion
from the plasma center to walls. However, when a perturbing ob-
ject, such as an electric probe is inserted into the SOL, it makes the
diffusion phenomena somewhat different from general conditions
of plasma and adds complication for the interpretation of electric
probes or the other plasma diagnostics. When the magnetic field is
strong enough that the ion gyro-radius is substantially smaller than
the probing object, ion collection across the field is diffusive even if
the parallel flow is dominated by inertial effects [10,11]. Conse-
quently, the investigation of diffusion coefficient (D⊥) and charac-
teristic length of perturbing for flux tube (Lc) are to be simplified
and understood as one-dimensional phenomena of plasma
boundary in the magnetized plasma [7e13].

In this paper, as a simulated experiment of fusion plasma edge
transport by a linear plasma device, called DiPS (Divertor Plasma
Simulator) [14],D⊥ and Lc have been investigatedwhen the free and
bounded presheaths are produced in weakly magnetized plasma.
By inserting a tungsten perturbing object (TPO) in the magnetized
plasma stream, we generate a free presheath [8,10,11,15,16] along
with a bounded presheath near the wall. Both presheaths are
geometrically described in the section of experimental setup. In
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terms of plasma discharge currents, radial plasma profiles were
measured and investigated by using fast scanning probes system
(FSP) with single probe (SP) and triple probe (TP). Then, the D⊥ at
free and bounded presheath regions were analysed in terms of
plasma density and electron temperature/magnetic flux density,
compared with Bohm diffusion coefficient (DB). Finally, the theo-
retical value K(≡L=Lc) upon a fluid model was introduced for
considering transport parameters to analyse the perturbation pre-
sheath length (L) at a free presheath.
2. Experimental setup

Divertor Plasma Simulater were developed as a linear plasma
device for application of probe technique to various areas, such as
divertor plasma simulation in fusion devices, to understand a
magnetized presheath region of a simulated tokamak plasma wall
interaction zone [14]. Themild toroidicity could be compensated by
the control of the discharge current (Idis.) to change poloidal mag-
netic fields (Bp) with axial magnetic fields (Bz). For example,
considering a normal operation condition for DiPS where electron
temperature (Te) ~ 1e20 eV, plasma density (ne) ~ 1012 cm�3,
Bz ~ 0.1e1 kG, r ~ 1 cm, Plasma current (Ip) and Bp (Bp ¼ m0Ip=2pr,
where m0 is permeability of free space) are 1e100 A and
Bp ~ 0.1e10 G, respectively. BP=Bz ~0.01e0.1 is to be achieved, which
leads to q ¼ 3 e 30with respect ratio R=az 3, and indicates typical
validity of an experimental approach to investigate phenomena in
the fusion plasma by using a linear plasma device. Schematic dia-
gram of DiPS and the experiment set-up to analyse D⊥ and Lc at a
free presheath inweakly magnetized plasma is shown in Fig. 1. DiPS
Fig. 1. (a) The schematic diagram of Divertor Plasma Simulator (DiPS) and (b) the experimen
flux tube (Lc) in weakly magnetized plasma near a magnetic nozzle at DiPS. (1) magnetic noz
geometric length (a) for bounded presheath, (6) wall, (7) magnetic nozzle exit, (8) magnetic
lengths (a) are radius (0.75 cm) of the TPO for a free preseath and the width (8 cm) betwe
presheath.
has a magnetic nozzle for the formation of a magnetic hill and
geometrical production of a bounded presheath, which experi-
mentally induces the more similar environment with the magne-
tized plasma at SOL region in the fusion device. Besides, this
magnetic nozzle with BN ¼ 3:5 kG could simulate the edge local-
ized mode (ELM) phenomena by changing its ratio to that (B0) of
test region, i.e., 1 � BN=B0 � 30.

Schematic views described for FSP and TPO systems are shown
in Fig. 2. TPO, which is located at the axial center of plasma stream
generated from the LaB6 DC plasma source in DiPS, produces a free
presheath in the magnetized plasma. Dimensions of TPO were 3 cm
length (z-axis) and 1.5 cm diameter (r-axis). To prevent the melting
of TPO due to high heat fluxes transferred from plasma, cooling
water is supplied to keep temperature far lower than tungsten
melting point. Two electric probes, as a combination of SP and TP,
were located at 16 cm front and 16 cm back side of TPO, respec-
tively. Electric probes were installed on FSP, which were able to
scan the radial plasma profiles with speed of 1 m/s. Schematic di-
agram of data collection system and raw data obtained from a FSP
performance test are shwon in Fig. 3. DC 100 V bias was applied to
probe tips for measurement of probe signals such as ion saturation
currents (Isat) and potentials (V1 and V2) as shown in an electric
circuit of Fig. 3 (b). Radial scanning distance was converted from
bias signals measured by using linear position transducer. To
analysis electron temperature and plasma density,
Te ¼ eðV1 � V2Þ=0:693 and ne ¼ Isat=aeAs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTe=mi

p
were calculated

where e, a, As and k are electron charge, coefficient for the collective
ion saturation current, sheath area and Boltzmann constant,
respectively. As ¼ Ap ¼ pa2p (probe tip area) is assumed and radius
t set-up to analyse diffusion coefficient (D⊥) and characteristic length of perturbing for
zle, (2) fast scanning probe (FSP) system, (3) bounded presheath, (4) free presheath, (5)
nozzle throat, (9) tungsten perturbing object (TPO), and (10) plasma stream. Geometric
en the outside of a magnetic nozzle throat and a magnetic nozzle exit for a bounded



Fig. 2. (a) A fast scanning probe system (FSP) with probe tips, (b) a injection manipulator of a tungsten perturbing object (TPO). (1) vacuum flange, (2) bellows, (3) linear position
transducer, (4) vacuum flange, (5) position meter, (6) bellows, (7) water direction, (8) TPO (F ¼ 1.5 cm), (9) water in/out, and (10) motor.

Fig. 3. (a) Schematic diagram of data collection system by using a fast scanning probe system (FSP), (b) electric circuits of TPO and Triple probe, and (c) the characteristics of ion
saturation current (Isat), potentials (V1 and V2) and bias for radial distance (r) obtained from a FSP performance test. (1) oscilloscope, (2) computer, (3) linear position transducer, (4)
distance signal (r), (5) data acquisition, (6) probe signals (Isat, V1 and V2), (7) probe tips (SP, TP, MP), (8) free presheath, (9) FSP, (10) scanning distance, (11) plasma, (12) DC power
supply, (13) TPO, (14) Triple probe, (15) chamber wall, (16) ion saturation current, (17) input DC 100 V, (18) potential (V2), (19) potential (V1), and (20) potential difference (V12).
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of probe tip is 0.5 mm (collective area ¼ 3.9 � 10�3 cm2). In case of
this experimental condition (B ¼ 1 kG and Te ¼ 10 eV and
Ti ¼ 0.1 eV), ap > ri > re is satisfied where ri and re are Larmor radii
for ion and electron, respectively. It makes a considerable modifi-
cation to the ion collection. Therefore, a ¼ 0.49 is used for the
collective ion saturation current for this experiment in weakly
magnetized plasmas [16,17], comparing with a ¼ 0.61 in un-
magnetized plasmas. Analysis for the experiment data of electric
probe systemwith SP and TP in DiPS is described by Chung [14]. As
shown in Fig. 4, intensity of magnetic fields between P6 and P8 at
region D (plasma test region after a magnetic nozzle) were 1e1.5 kG
with 50 A, applied to electro-magnets. Base pressure was



Fig. 4. Magnetic field intensity along the z-direction for DiPS. P6 e P8 regions at region
D (test region) are the area of our experiment set-up. B ¼ magnetic flux density and
Z ¼ distance from the DC plasma gun. The legends are for the cases of I ¼ 10 A (black
solid square), 30 A (red solid circle), 50 A (blue upper triangle) and 70 A (pink dower
triangle), respectively, where I ¼ the current of the electro-magnets (M7-M12 electro-
magnets in Fig. 1). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 5. The photograph of experimental results on the magnetized plasma in DiPS. (a) witho
region of a bounded free presheath and (III) the region of a free presheath. A normal operatio
magnetic field intensity ¼ 1.5 kG, Discharge current ¼ 40 A.

Fig. 6. The comparisons of the radial ion saturation current (Isat) profiles with different disch
indicate the discharge currents with TPO and without TPO, given as the follows: solid squa
(blue) ¼ 30 A without TPO, solid downer triangle (pink) ¼ 30 A with TPO, solid diamond (
axis ¼ plasma center. (For interpretation of the references to colour in this figure legend, t
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6 � 10�6 Torr (8 � 10�4 Pa) and operating pressure was
4 � 10�3 Torr (0.5 Pa) when argon gas with 130 sccm was intro-
duced through the P1 source chamber at region A. The LaB6 heating
current and bias were 280 A and 16 V, respectively. When the
operating ranges of plasma discharge currents were 20e40 A at
40e60 V of DC bias, radial plasma profiles were measured by using
FSP to investigate D⊥ and Lc at free and bounded presheaths in the
magnetized plasma.

3. Results

Photographs of the magnetized plasma in DiPS with and
without TPO are shown in Fig. 5. Effect of TPO on a plasma stream
was shown in Fig. 5 (b). Fig. 6 shows the comparisons of the radial
ion saturation current profiles measured in front and back sides. At
center of plasma stream, Isat decreasedwith the insert of TPO.When
the central plasma stream is blocked by TPO, generating a free
presheath, the overall profiles of plasma parameters such as Isat
show a clearly different condition from that of a normal plasma as
shown in Fig. 6. By using radial profiles measured by SP and TP, ne
and Te were calculated as shown in Figs. 7 and 8. In normal con-
dition of the discharge current of 40 A, ne at the center without TPO
was up to 4� 1012 cm3, while it becomes as 2� 1012 cm3 when TPO
ut tungsten perturbing object (TPO) and (b) with TPO. (I) central plasma stream, (II) the
n condition is vacuum pressure ~4 � 10�3 Torr (0.5 Pa) when argon gas with 130 sccm,

arge currents (20e40 A) measured in front (a) and back (b) sides. The legends in the box
re (black) ¼ 40 A without TPO, solid circle (red) ¼ 40 A with TPO, solid upper triangle
green) ¼ 20 A without TPO, and solid left triangle (navy) ¼ 20 A with TPO. 0 cm at x-
he reader is referred to the web version of this article.)



Fig. 7. The radial plasma density (ne) with different discharge currents (20e40 A) measured in front and back sides of a tungsten perturbing object (TPO) by using triple probes (TP).
Front (a) and back (b) sides. The legends in the box indicate the discharge currents with TPO and without TPO, given as the follows: solid square (black) ¼ 40 A without TPO, solid
circle (red) ¼ 40 A with TPO, solid upper triangle (blue) ¼ 30 A without TPO, solid downer triangle (pink) ¼ 30 A with TPO, solid diamond (green) ¼ 20 A without TPO, solid left
triangle (navy) ¼ 20 Awith TPO, and open square (purple) ¼ 40 A measured by single probes for reference data. 0 cm at x-axis ¼ plasma center. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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was inserted in a plasma stream, as shown in Fig. 7 (b), because of
producing a free presheath, which could make a local particle loss
in the plasma, and it resulted in relatively increasing Te due to
reduction of ne at a free presheath, too. The effect of TPO on ne and
Te, which were observed in both cases of front and back sides, at the
back side were found stronger than the front side.

The concept of a simple model for cross-field diffusion into
presheaths by using TPO is shown in Fig. 9. Related models in detail
are referred in simple analytic models of the SOL with spatial
variation of flow Mach number for three models in Ref. [18]. To
analyse D⊥ and Lc at free and bounded presheaths by using the
measured plasma parameters, the particle flux ðG⊥) is given as the
satisfied Fick's law of diffusion [18]:

G⊥ ¼ nv ¼ � D⊥Vn (1)

where n and v are the particle density and the radial drift velocity,
respectively. Supposing v⊥ � Cs=2 for radial drift velocity at
Fig. 8. The radial electron temperature (Te) with different discharge currents (20e40 A) m
probes (TP). Front (a) and back (b) sides. The legends in the box indicate the discharge curren
TPO, solid circle (red) ¼ 40 A with TPO, solid upper triangle (blue) ¼ 30 A without TPO, soli
solid left triangle (navy) ¼ 20 A with TPO, and open square (purple) ¼ 40 A measured by sin
references to colour in this figure legend, the reader is referred to the web version of this
presheaths [18], directed to perpendicular with B fields, where Cs is
the ion acoustic speed [10,11,18], which is defined
Cs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðTe þ TiÞ=mi
p

where Ti andmi are an ion temperature and an
ion mass, Eq. (1) for G⊥ can be rewritten as

Vn=nz� Cs=2D⊥ (2)

which leads to

nðrÞzn0exp½ � r=ln� (3)

where ln ¼ 2D⊥=Cs, which is called the decay length of plasma
density. Therefore, D⊥ can be calculated as

D⊥zCsln=2 (4)

for the radial direction. Generally, the determination of ranges for
exponential fitting to calculate ln are complicated and produces an
easured in front and back sides of a tungsten perturbing object (TPO) by using triple
ts with TPO and without TPO, given as the follows: solid square (black) ¼ 40 A without
d downer triangle (pink) ¼ 30 A with TPO, solid diamond (green) ¼ 20 A without TPO,
gle probes for reference data. 0 cm at x-axis ¼ plasma center. (For interpretation of the
article.)



Fig. 9. A concept of free and bounded presheaths by using tungsten perturbing object.
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error with large uncertainty. Since near the SOL plasma of toka-
maks has been fitted to the exponential function to obtain decay
lengths [19,20], we follow the same procedures. The TPO with
radius of 0.75 cm produces a free presheath along the axial mag-
netic field lines, while a bounded presheath is formed due to the
limiter between the magnetic nozzle and the wall with distance of
8 cm, as shown in Fig. 1. Ti ~0.1 eV [21] measured by a laser induced
fluorescence (LIF) is assumed for the calculation of Cs and Lc. The
exponential fitting for a decay length was conducted by using the
average values with radial positions, is as shown in Fig. 10, along
with reduction of uncertainty. The results of ln are 2.65 ± 0.58 and
2.03 ±0:04 cm for free and bounded presheaths, respectively.

In the magnetized plasma, charged particles are slowly diffused
across magnetic fields, compared with those along the magnetic
fields. In terms of Idis, the experimental results of D⊥ are shown in
Fig. 11 (a). DF and DB are results of D⊥ calculated for free and
bounded presheaths, respectively. Weak dependence of D⊥ on
discharge currents (plasma density) was founded at both cases.
Compared with DF ~80 � 104 cm2/s, DB results were obtained as
~12e30 � 104 cm2/s D⊥ at a free presheath was obtained as 3e4
times higher than a bounded presheath, because electron tem-
peratures at a free presheath had higher values, ~16 times different,
than those at a bounded presheath and almost same values
~2e3 cm of decay length for a free presheath were obtained in
comparison with a bounded presheath.
Fig. 10. (a) The processes of an exponential fit for for the decay length of plasma
density (ln). for reduction of the signal uncertainty, average value for 5 data of plasma
density (ne) is used. A fitting line (B) is for a bounded presheath and a fitting line (F) is
for a free presheath at 40 A when tungsten perturbing on bject (TPO) is inserted to a
plasma stream.

Fig. 11. The results of (a) diffusion coefficient (D⊥) in terms of discharge currents, (b)
the comparison of D⊥ with Bohm diffusion coefficient (DB) as function of electron
temperature/magnetic flux density (Te/B [eV/Tesla]), and (d) the results of d ¼ D⊥=DB

factor for normalized D⊥ with DB. DB ¼ D⊥ at a bounded presheath, DF ¼ D⊥ at a free
presheath. PISCES [22,23], PSI-2 [24], KSTAR [20,25], TORE SUPRA [26], ASDEX-U [27],
JET [28], JT60 [29], TEXT-U [30] and CASTOR [31].
For the comparison of the experimental results with Bohm
diffusion coefficlent, DB, which is defined by DB ¼ kTe=16eB [18],
the results as a function of electron temperature/magnetic flux
density (Te/B [eV/Tesla]) with reference in various plasma devices
such as PISCES [22,23], PSI-2 [24], KSTAR [20,25], TORE SUPRA [26],
ASDEX-U [27], JET [28], JT60 [29], TEXT-U [30] and CASTOR [31] are
presented in Fig. 11 (b) and (c). The experimental conditions of the
other devices are also shown in Table 1, where parameters of



Table 1
Comparision of plasma parameters in DIPS, PISCES [22,23], PSI-2 [24], KSTAR [20,25],
TORE SUPRA [26], ASDEX-U [27], JET [28], JT60 [29], TEXT-U [30] and CASTOR [31].
The parameters of tokamaks are for edge regions.

D⊥ (�104 cm2/s) Te (eV) ne (1012 cm�3) B (kG)

DIPS 10e80 1e20 1e10 1e1.5
PSI-2 5 11 0.7 1
PISCES 10e20 1e20 10e102 0.4e1.7
KSTAR 1 ~10 20 20
TORE SUPRA 1 ~40 2 39
ASDEX-U 1 ~50 10 20
JET 1.5 ~40 ~102 24e26
JT60 1e2 ~80 10 30
TEXT-U 3 30 2 20
CASTOR 5e20 ~10 10e15
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tokamaks are for edge regions. The experimental results, which
were proportional to Te/B, increased according to Te/B as the case of
DB, but the experimental scale showed higher than the theoretical
values by DB as shown in Fig. 11 (b). To see this overall tendency, the
normalized D⊥ to DB, d ¼ D⊥=DB factor is shown in Fig. 11 (c). The
uncertainties in the results could occur since experimental results
for D⊥ are highly anomalous with complicated geometries, mag-
netic error, oscillating electric fields from unstable plasma, etc
[18,21e24]. In case of DiPS, this experimental study as indicated in
Fig. 11 (c), d values were obtained as 8 or so at a free presheath and
11 or so at a bounded presheath. Experimental results of D⊥ with d

at free and bounded presheaths seem to be overestimated.
The characteristics length of perturbation can be calculated by

means of the following equation. Lc ¼ a2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðTe þ TiÞ=mi

p
=DB;where a

is a geometric size of a perturbing object [10e12]. Chung intro-
duced the theoretical scale factor K of the (total) perturbation
(presheath) length (L) to Lc, as L ¼ KLc and it was for Lc as consid-
ering transport parameters, such as the drift velocity and the ratio
of viscosity to diffusivity by using fluid theories [10]. K is strongly
dominant on Mach number, M∞ ¼ v=Cs. Therefore, it is necessary
to obtain M∞. For analysis of experimental Mach probe data, M∞ ¼
ln½R�=k could be calculated where R is ratio of upstream and
downstream of ion saturation current densities, R ¼ Jup=Jdown, k is a
calibration factor for Mach probe when using M∞ and Chung's
model was used as k ¼ 1.36 [16]. Results of M∞ measured by Mach
probe and L as function of M∞ are shown in Fig. 12. In Fig. 12 (b),
solid circles (blue) are given by the theoretical fluid model with n
Fig. 12. (a) the characteristics of upstream and downstream of ion saturation current dens
results of characteristic length of perturbing for flux tube (L) considering the theoretical scale
discharge current (20e40 A). At Fig. 12 (b), solid circles (blue) are given by the theoretical
references to colour in this figure legend, the reader is referred to the web version of this
(L95) ¼ 0.95n∞ [10] for - 0.8 < M∞ < 0.8. We would know K cor-
responding eachM∞. SinceM∞ ¼ 0.2 was measured at the center of
TPO in the experiment, K x 1.5 at M∞ ¼ 0.2 can be deduced from
the theoretical values. Then Lc ¼ a2Cs=DB x 6.3 cm in one condi-
tions, and therefore L at M∞ ¼ 0.2 could be deduced as L ¼ KLc x
(1.5)(6.3)x 10 cm. Following the similar waywith theoretical K, we
could re-construct the profiles of L as shown in Fig. 12 (b) indicated
by open legends according to discharge currents. The quasi-neutral
presheath region, in which acceleration of the ions occurs into the
sheath, becomes highly elongated along the magnetic fields, until
the cross-field diffusion is able to balance the parallel collection
flow [10,11]. LF > 10 cm was found when visually checking
perturbation length of a free presheath, (III) region in Fig. 5. Results
at a free presheath, which showed the highly elongated along the
magnetic fields, was obtained to be in good agreement. Focused on
tokamaks, if hydrogen or deuterium gases with same parameters of
experimental results are used instead of argon gases, L ~50 cm is
expected due to mass difference for calculation of Cs.
4. Conclusion

For the experimental simulation of the transport phenomena in
the edge of fusion toroidal plasmas, a free presheath compared
with a bounded presheath in weakly magnetized argon plasma is
generated by inserting a tungsten perturbing object (TPO) to a
plasma stream in DiPS. In the presence of TPO, the plasma pa-
rameters at the front side (ram) of TPO and those at the back side
(wake) showed clearly different phenomena compared with
normal operating plasmas without TPO. Based on these measure-
ments of back side of TPO, a diffusion coefficient (D⊥) and charac-
teristic length of perturbing for flux tube (Lc) were investigated by
using D⊥ ¼ Csln=2 and Lc ¼ a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðTe þ TiÞ=mi
p

=DB. Compared with
the diffusion coefficient at a free presheath (DF) ~80 � 104 cm2/s,
the diffusion coefficient at a bounded presheath (DB) ðDBÞresults
were obtained as ~12e30 � 104 cm2/s. For the comparison of re-
sults with DB ¼ kTe=16eB, tendency of experimental results was
satisfied with DB according to Te/B. d ¼ D⊥=DB factor for normalized
D⊥ with DB were obtained as 8 or so at a free presheath and 11 or so
at a bounded presheath. For considering transport parameters to
calculate Lc at a free presheath, the scale factor Kwas introduced as
L ¼ KLc and LF ~10 cm was obtained.

Experimental results of D⊥ of DiPS will be compared with those
of KSTAR with impurities and dusts.
ities, R ¼ Jup=Jdown , and Mach number, M∞ ¼ v=Cs at discharge current ¼ 30 A and (b)
factor (K) as function of Mach number. LF ¼ L at a free presheath calculated in terms of

fluid model with n (L95) ¼ 0.95n∞ [10] for - 0.8 < M∞ < 0.8. (For interpretation of the
article.)
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