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Abstract Results observed experimentally are presented, about the DC arc plasma jets and

their arc-root behaviour generated at reduced gas pressure without or with an applied magnetic

field. Pure argon, argon-hydrogen or argon-nitrogen mixture was used as the plasma-forming gas.

A specially designed copper mirror was used for a better observation of the arc-root behaviour

on the anode surface of the DC non-transferred arc plasma torch. It was found that in the

cases without an applied magnetic field, the laminar plasma jets were stable and approximately

axisymmetrical. The arc-root attachment on the anode surface was completely diffusive when

argon was used as the plasma-forming gas, while the arc-root attachment often became constrictive

when hydrogen or nitrogen was added into the argon. As an external magnetic field was applied,

the arc root tended to rotate along the anode surface of the non-transferred arc plasma torch.
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1 Introduction

Numerous studies have been performed in past
decades concerning the characteristics of DC arc plasma
jets due to their widespread applications in industries
and in research labs. Although a wealth of experimental
and modelling results have been accumulated in the lit-
erature [1∼5], our understanding of DC non-transferred
arc plasma characteristics is still incomplete, especially
about the relationship between the plasma jet charac-
teristics and the behaviour of the arc root at the torch
anode surface.

Various types of arc root attachment and/or motion
on the anode surface could affect the plasma jet stabil-
ity and jet flow characteristics. There have been many
papers devoted to the study of the arc root movement in
the DC arc plasma torch via arc-voltage and/or optical-
intensity fluctuation measurements [5∼9], since the arc
root motion on the anode surface generally leads to
the variation in the arc length and hence causes the
fluctuations of the arc voltage, arc power and optical
emission-intensity. Based on the measured features of
arc voltage fluctuations, it was suggested that there ex-
ist three different modes of arc motion on the anode
surface of the DC non-transferred arc plasma torch used
for plasma spraying, namely the steady mode, takeover
mode and re-strike mode, each with quite different arc-
voltage fluctuating amplitudes and/or waveforms [5,6].
The arc-root motion or arc voltage fluctuations could

be an important factor to induce flow turbulence in the
plasma jet.

On the other hand the mode of arc root attachment,
e.g. diffused or constricted arc-root, single or multiple
arc-root attachment on the anode surface, is expected
to be an important factor that would affect the anode
material erosion and thus affect the service life of a DC
non-transferred arc plasma torch. Thus, researchers of-
ten have to make a compromise between the plasma jet
stability and the anode erosion rate, because the arc
root with a high motion speed and/or jumping within
a large area on the anode surface is favourable to reduce
the anode erosion rate or local erosion depth, but is un-
favourable for the generation of a stable jet. However,
in comparison with the investigations of arc root move-
ment via the fluctuation measurements of the arc volt-
age and/or optically emitted intensity in the literature,
there have been only a few studies [10∼13] devoting all
the efforts to examine the arc root attachment in the
DC non-transferred arc plasma torch, although the arc
root attachment behaviour is equally important for the
plasma generation and is directly connected with the
controllability and reproducibility of the plasma mate-
rials processing.

The arc root attachment could not only affect the
anode erosion, but also affect the interaction between
the bent arc column and the gas flow and thus affect the
arc root movement. In order to observe the arc-root at-
tachment at the electrode surface, direct photography
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was used [11∼13], but the photographs obtained in this
way were often not so clear for identifying both the arc-
root location and size, due to the interference caused by
the intensive light emitted from the high-temperature
arc column. As an improved approach, Ref. [10] used
a specially designed mask, i.e., a black cylinder with a
diameter of 6 mm and a length of 40 mm , to intercept
the intensive light from the arc column near the torch
axis in order to well determine the arc root shape and
position.

In this study, DC non-transferred arc plasma jets
were generated at a reduced gas pressure using pure ar-
gon, argon-hydrogen or argon-nitrogen mixture as the
plasma-forming gas. The generated plasma jets were
observed when they were flowing out from the plasma
torch as free jets or as jets impinging normally upon a
substrate. An external magnetic field was applied to
study the effect of magnetic field on the arc-root be-
haviour and on plasma jet characteristics. The plasma
jets were observed using an ordinary camera and an
ICCD camera with controllable exposure time. Arc-
root behaviour on the anode surface of the plasma torch
was observed using a novel reflection mirror [14] in co-
ordination with the ICCD camera.

2 Experimental details

The DC non-transferred arc plasma torch used in
this study to generate the plasma jets at reduced pres-
sure was the same as that used in the previously used
[15], which contained a three-piece inter-electrode in-
sert and a co-axial DC magnetic-field coil encircling the
torch. Pure argon, argon-hydrogen (with a volumetric
percentage 0% to 18% of H2) or argon-nitrogen mix-
ture (with a volumetric percentage 0 % to 22% of N2)
was used in the plasma generation, respectively. The
total volumetric flow rate of the working gas was con-
trolled in a range of 40 STP cm3/s to 470 STP cm3/s.
As in Ref. [16], the working gas was admitted axially
and tangentially into the plasma torch. Arc current
was in 80 A to 130 A, whereas the input electric power
was in 5.5 kW to 18 kW, depending on the gas type
and pressure in the vacuum-chamber and on whether
an external magnetic field (about 0.01 T to 0.045 T)
was applied. The plasma jet was issuing freely into the
vacuum chamber or impinging normally upon the sub-
strate, which is electrically floating, with a diameter of
60 mm to 120 mm and located at 20 mm to 300 mm
below the torch anode-nozzle exit. In the experiments,
the vacuum-chamber pressure was changed in a range
of 500 Pa to 3.0 × 104 Pa. It should be noted that the
plasma generated in such a pressure range (sometimes
called mesoplasma in the literature) is of special interest
for many materials processing applications, such as the
preparation of large-area diamond films or other func-
tional films with higher deposition rates, since rather
high densities of active particles are involved. The
plasma jets were observed by use of two different

Fig.1 Schematic diagram of the plasma-generating and

arc-root-observing system

imaging techniques, namely, direct photography of the
plasma jet with an ordinary digital camera to show the
jet appearance and an ICCD camera capable of accu-
rate exposure time as short as 5 ns to obtain the in-
stantaneous plasma jet images in the visible range. The
schematic diagram of the apparatus for the arc-root ob-
servation used in the present study is shown in Fig. 1.
A copper mirror with good thermal conductance is in-
stalled on the water-cooled holder under the torch noz-
zle exit and the mirror surface is set to be 45o inclined
with respect to the torch axis. Thus the mirror can
reflect the end-on image of the plasma torch (with a
certain depth of field) into the ICCD camera, which is
located outside the vacuum chamber with its axis per-
pendicular to the torch axis and with the same height
as the mirror centre. A special design of the copper
mirror [14] was adopted in this study, i.e. a boron ni-
tride film was coated on the copper-mirror surface in
the central region, and the diameter of the boron ni-
tride coating was a little greater than the diameter of
the central channel-hole of the inter-electrode insert of
the plasma torch, but appreciably less than the inner
diameter (60 mm) of the torch anode-nozzle exit. It
was found that in this way the reflection of the strong
light emitted from the central arc column in the plasma
torch at the mirror surface could be greatly weakened
and thus the interference caused by the arc column ra-
diation upon the detailed observation of the arc root
attachment on the anode surface could be effectively
avoided. With this experimental design the arc root
behaviour was successfully observed in the generation
processes of Ar, Ar-H2 and Ar-N2 plasma jets.

3 Results and discussion

3.1 Plasma jet appearance

Fig. 2(a)∼(c) are the photographs of Ar, Ar-H2 and
Ar-N2 plasma jets in the laminar flow regime, respec-
tively. These photographs are taken by the ordinary
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Fig.2 Photographs showing the appearances of the lami-

nar argon (a), Ar-H2 (b) and Ar-N2 (c) plasma jets. Sizes

a and b are 60 mm and 76 mm, respectively, representing

the inner and outer diameters of anode flange plate

digital camera to show the appearances of the plasma
jets. The arc current is kept at 80 A for all the three
plasma jets shown in Fig. 2(a)∼(c). In Fig. 2(a) the ar-
gon flow rate is 290 cm3/s and the chamber pressure is
3.8 × 103 Pa , in Fig. 2(b), the flow rate is 120 cm3/s of
argon plus 7 cm3/s of hydrogen and the chamber pres-
sure is 1.6 × 103 Pa, while in Fig. 2(c) the flow rate
is 133 cm3/s of argon plus 8 cm3/s of nitrogen and the
chamber pressure is 9 × 103 Pa . Visual observation and
the photographs shown in Fig. 2 demonstrate that the
laminar Ar, Ar-H2 and Ar-N2 plasma jets are steady
and with comparatively long high-temperature length.
The laminar argon plasma jet is well axisymmetrical,
and the laminar Ar-H2 and Ar-N2 plasma jets are also
approximately axisymmetrical. The laminar Ar-H2 and
Ar-N2 plasma jets shown in Figs. 2(b) and 2(c), respec-
tively, are impinging upon the specially designed cop-
per mirror with a 45o inclination with respect to the jet
axis, and thus the heated boron-nitride coating at the
mirror centre can be seen in the photographs.

Fig. 3 shows the appearances, taken with the digital
camera, of the laminar argon plasma jets generated at
an input power of 6 kW and impinging normally upon
the water-cooled substrate. Fig. 3(a)∼3(c) are of the
chamber pressure of 1.7× 104 Pa, whereas Fig. 3(d) is
of the pressure of 6.5× 102 Pa. Fig. 3(a) and 3(d) are
the case without an external applied magnetic field,
whereas Figs. 3(b) and 3(c) are with the externally ap-
plied magnetic field of about 0.03 T. It is seen that the
laminar argon plasma jets are well axisymmetrical in
the case without the external magnetic field, as shown
in Figs. 3(a) and 3(d), respectively. At higher pressure,
i.e. at 1.7× 104 Pa, the radial sizes of high-temperature
regions of the argon plasma jet including its imping-
ing zone at the substrate surface are somewhat concen-
trated, while at lower pressure, i.e. at 6.5× 102 Pa, the
high-temperature regions are more extensive and can
cover up the whole substrate surface of a 60 mm

Fig.3 Appearances of the pure argon plasma. (a)-(c) at

chamber pressure of 1.7 × 104 Pa, and (d) at 6.5 × 102 Pa.

External magnetic field is applied for the cases of (b) and

(c)

diameter. The appearance of the laminar argon plasma
jet under the action of the external magnetic field
shown in Fig. 3(b) is quite different from that shown in
Fig. 3(a) in the case without external magnetic field ef-
fects. As seen from Fig. 3(b), the high-temperature re-
gion of the plasma jet is no longer axisymmetrical, and
is not steady when an external magnetic field is applied
to drive the arc root moving along the inner surface of
the torch anode-nozzle. An approximately axisymmet-
rical picture, reflecting that the high-temperature re-
gion of the argon plasma jet is rapidly rotating around
the torch axis due to the external magnetic action, can
still be obtained provided that the exposure time of the
camera is long enough, as seen in Fig. 3(c). It is shown
in Fig. 3(c) that the argon plasma jet can cover up the
whole substrate surface with a diameter of 60 mm due
to the rotation of the high-temperature region in jet.
This situation is favourable for some applications in
materials processing since it gives more uniform heat-
ing of the substrate even with a relatively large surface
area. It is anticipated that the rotation of the jet high-
temperature region may be essentially attributed to the
rotation of the arc root along the anode-nozzle inside-
surface driven by the external magnetic field.

When hydrogen is added into argon to generate the
plasma jet, the arc voltage increases with the increasing
hydrogen content in the Ar-H2 mixture. Fig. 4 presents
two photographs taken by the ordinary camera showing
the argon-hydrogen plasma jets with different hydro-
gen contents and without the external magnetic field
effects. It is found that the hydrogen content in the
Ar-H2 mixture significantly affects the Ar-H2 plasma
jet characteristics. When the hydrogen content in the
Ar-H2 mixture is relatively low (about 4%), Fig. 4(a)
shows the characteristics of an impinging jet as the pure
argon plasma jet seen in Fig. 3(a). However, it is found
that the Ar-H2 arc column can be blown out from the
torch-nozzle exit with certain parameter combinations.
For example, when the hydrogen content is enhanced to
15%, a straight arc column goes down along the torch
axis until it reaches the region near the water-cooled
substrate surface and then bends up to the anode-nozzle
exit section with a constricted
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Fig.4 Appearances of the Ar-H2 plasma jet (a) at the

chamber pressure of 1.6 × 103 Pa and with 4% H2 and (b)

of arc column at 1.8 × 104 Pa and with 15% H2

arc-root attachment at the outer fringe of the anode-
nozzle, as shown in Fig. 4(b). Such a local arc-root at-
tachment and non-axisymmetrical Ar-H2 arc occurred
even in the present case without an external magnetic
field. If the external magnetic field is applied in this
case, the non-axisymmetrical argon-hydrogen arc root
will rotate rapidly along the outer fringe of the anode-
nozzle exit section. In addition, it is found that the
arc root attachment location tends to retreat back in-
side the torch anode-nozzle when the magnetic induc-
tion intensity of the applied magnetic field is enhanced
while other plasma-generating conditions are kept un-
changed.

Fig. 5 displays four photographs of Ar-N2 plasma
jets impinging normally upon the substrate with the
same substrate diameter of 60 mm. Fig. 5(a) and 5(b)
are the impinging plasma jets generated with the same
chamber pressure (1.0 × 103 Pa) and N2 content (7%)
but different distance between the substrate and the
torch anode-nozzle exit. Fig. 5(c) and 5(d) show the
cases with the same nitrogen content of 13% but differ-
ent chamber pressures, i.e. 3.5 × 103 Pa in Fig. 5(c)
and 5.5 × 103 Pa in Fig. 5(d). Compared to the pure
argon plasma jet shown in Fig. 3(d) at almost the same
chamber pressure, the Ar-N2 plasma jets in Figs. 5(a)
and 5(b) show clearly bright core-regions and somewhat
different spreading manners on the substrate surface,
although only a few percent of nitrogen is added into the
plasma-forming gas. It is interesting to notice that with
the increase in the nitrogen content, the intensity of the
bright core-region at the jet centre is weakened and the
sharp intensity-contrast between the bright core-region
and outer luminous region tends to disappear, as seen
in Fig. 5(c) and Fig. 5(d). Comparing the photographs
shown in Figs. 5(c) and 5(d) about the Ar-N2 plasma
jets with the same N2 content (13%) but different cham-
ber pressures, it is obvious that the emitted light inten-
sity of the Ar-N2 plasma jet becomes more uniform and
soft with the increase in the chamber pressure. This
observed phenomenon seems to be opposite to the gen-
eral understanding that the energy density of a plasma
jet tends to be more concentrated with increase of the
gas pressure. A reasonable explanation could be that
the highly bright core of the Ar-N2 plasma jet becomes
shorter with the increase in the working pressure, and
even retreats into the torch nozzle and thus only relative
weak tail-flame can be seen outside the torch nozzle, as
in the case shown in Fig. 5(d).

Fig.5 Appearances of the Ar-N2 plasma. (a) and (b) are

at chamber pressure of 1.0 × 103 Pa and with 7% N2 con-

tent, (c) 3.5 × 103 Pa and 13% N2, (d) 5.5 × 103 Pa and

13% N2

Fig.6 Photograph showing the torch channel structure

and sizes (with a ruler)

3.2 Arc root attachment

Although the laminar argon plasma jet assumes an
axisymmetrical appearance and the laminar Ar-H2 and
Ar-H2 plasma jets also appear approximately axisym-
metrical, as seen in Figs. 2(a) - 2(c), it is difficult to
identify their arc-root behaviour only based on their ob-
served appearances. Fig. 6 and Fig. 7 present some ad-
ditional observation results concerning the arc root at-
tachment with the help of the specially designed copper
mirror described above and in Ref. [14], with a boron
nitride coating in the central region of the mirror sur-
face, and the ICCD camera.

In order to show the relative dimensions of the
plasma-torch parts, Fig. 6 gives a photograph with an
upward-view of the torch channel’s configuration for the
cold-state case, i.e. without plasma production, with a
ruler across the torch exit section. A lamp is used to
illuminate the observed object and there is no boron
nitride coating on the copper mirror in this case. The
inter-electrode insert channel cannot be seen in Fig. 6
since it is actually covered up by the ruler. It should be
noted that the bright spots seen in Fig. 6 are not the
arc roots, and they are formed only due to the reflection
of the lamp light at the end wall of the torch anode.
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Fig.7 Images of the Ar ((a), (b)), Ar-H2 ((d), (e)) and

Ar-N2 ((f)∼(i)) arc roots and image of the Ar plasma jet

deflected by the external magnetic field (c). Pure argon

arcs: (a) and (c) at chamber pressure of 3.2× 103 Pa and

(b) at 2.3× 104 Pa; (a) and (b) without while (c) with

external magnetic field. Argon-hydrogen arcs: (d) at pres-

sure of 1.6× 103 Pa and with 5.5% H2 content, and (e) at

2.4× 104 Pa and with 9% H2 content. Argon-nitrogen arcs:

(f)∼(h) at pressure of 1.9 × 104 Pa; N2 content is 2.2%

for (f), 22% N2 for (g), 14.3% N2 and with the applied

magnetic field for (h), and double-arc root attachment is

shown in (i). Exposure time is 10 µs for (b), (c), (g)∼(i),

50 µs for (a), (f), 80 µs for (e), and 500 µs for (d)

Fig 7(a)∼7(i) are the images taken by use of the
ICCD camera through the special copper mirror with
the boron nitride coating in its central region in or-
der to observe the arc root behaviour in the Ar, Ar-
H2 and Ar-N2 arc plasma cases. Black circular cen-
tral regions appearing in all the nine pictures demon-
strate such a fact that the highly bright arc column
in the inter-electrode insert channel can no longer be
captured by the ICCD camera, since the strong light
emitted from the arc column has been absorbed by the
boron nitride film at the central region of the copper
mirror. It is only by employing such a special copper
mirror design, i.e., with a central boron nitride coating
that the weakly luminous argon arc root can be ob-
served more clearly. The high-quality arc-root images
shown in Figs. 7(a)∼7(i) could not been obtained if one
employed an ordinary copper mirror, i.e. without cen-
tral coating to absorb the strong arc-column emission,
or other directly-photographic methods such as used in
Refs. [11, 12].

Fig. 7(a) shows the upward-view image of the argon
arc root at the chamber pressure of 3.2 × 103 Pa taken
by ICCD camera with an exposure time of 50 µs. From
Fig. 7(a) we only see an annular low-intensity luminous-
region with almost a circumferentially uniform inten-
sity distribution on the anode surface, and cannot see
any sign of a constricted arc-root formation in the pure
argon arc plasma-jet case. This arc root behaviour
does not show any obvious change (Fig. 7(b)) when the
chamber pressure is enhanced to 2.3 × 104 Pa, which

is nearly one order of magnitude higher than that in
Fig. 7(a). It is found that when pure argon is used
as the plasma-forming gas, almost completely diffused
attachment of the arc root always appears at the an-
ode surface, no matter whether the plasma jet is in the
laminar or turbulent flow regime. Such a diffusive arc-
root attachment is obviously favourable for reducing
the anode erosion and prolonging the service period of
the torch anode. There is a bright region in the image
shown in Fig. 7(c) for the argon plasma jet generated
with almost the same conditions as in Fig. 7(a) but the
external magnetic field is applied. The bright region
seen in Fig. 7(c) is not the image of the arc root, but
instead it is formed by the non-axisymmetrical jet high-
temperature region (or deflected jet luminous-region)
similar to the situation shown in Fig. 3(b). The differ-
ence is merely that Fig. 7(c) represents the upward view
of the argon plasma jet, while the picture presented in
Fig. 3(b) is taken from a lateral direction. It can be seen
that the uniformly diffused arc root attachment can no
longer be clearly observed in Fig. 7(c) due to the exis-
tence of the brighter deflected jet in the viewing field.
The result shown in Fig. 7(c) implies that if stronger
light emission, e.g. from the high-temperature region
of the deflected plasma jet, has not been effectively ex-
cluded from the viewing field of the ICCD camera, the
uniformly diffused arc root attachment with weaker lu-
minosity, shown in Figs. 7(a) and 7(b), could not be
observed.

Fig. 7(d) is the upward-view image of the Ar-5.5%H2

arc root at the chamber pressure of 1.6 × 103 Pa and
with an exposure time of 500 µs, whereas Fig. 7(e)
is the image with 2.4 × 104 Pa, 9% H2 content and
80 µs exposure time. It is clearly seen from Fig. 7(d)
that an obviously constricted arc root attachment oc-
curs when hydrogen is added into argon for generating
the plasma jet, although the content of hydrogen in the
Ar-H2 mixture is just 5.5%. The arc root attachment
even becomes more sharply concentrated, as shown in
Fig. 7(e), when the hydrogen content and the cham-
ber pressure are enhanced. The arc root is generally
attached to the anode wall with a particular angular-
direction and shows no apparent movement within the
observation time of a few minutes if the jet-generating
conditions remain unchanged. Such a special feature of
Ar-H2 arc plasma, namely with a stationary and con-
stricted arc root, would lead to relatively serious anode
erosion. This phenomenon observed at reduced pres-
sure is almost the same as that well known in the DC
non-transferred arc plasma generation at atmospheric
pressure.

When a small amount of nitrogen instead of hydro-
gen is added into argon as the plasma-forming gas, it
is found that the arc root may show a combined at-
tachment mode, i.e., the arc root attachment on the
anode surface is partially diffusive but with a tendency
to become constrictive. Fig. 7(f) shows such an ob-
served result where the N2 content in Ar-N2 mixture is
2.2%. With the increase in the N2 content, the arc root
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attachment continuously evolves in an increasingly con-
strictive degree. When the N2 content in Ar-N2 mix-
ture is above 10%, the arc root attachment assumes
a sharply constrictive form, as seen in Fig. 7(g) where
the upward-view image of the Ar-22%N2 plasma jet is
given. Fig. 7(h) shows the ICCD image of the arc root
attachment in the Ar-14.3%N2 plasma jet generation
case with an applied magnetic field. The brightness of
the arc root in Fig. 7(h) is rather high and thus appre-
ciably different from the case shown in Fig. 7(c) where
the low-intensity image of the deflected argon plasma
jet itself is seen. It is found that double arc roots may
occur at a lower gas pressure and lower nitrogen content
(see Fig. 7(i)).

From the observed results presented in Figs. 7(d)-
(i), one can conclude that the addition of hydrogen
or nitrogen into argon as the plasma-forming gas can
cause the concentrated arc-root attachment at the an-
ode surface. But the two kinds of added gas show differ-
ent effects on the concentration degree of the arc root.
The addition of hydrogen is more effective to promote
the formation of the constricted arc root. Addition of
a small amount of H2 into argon can cause the con-
stricted arc root, and the arc root becomes more and
more sharply concentrated with the increase in the hy-
drogen content of the Ar-H2 mixture or in the cham-
ber pressure. On the other hand, there is an obvious
transitional region between the completely diffused and
the sharply constricted arc-root attachments for the Ar-
N2 arc plasma with the change in the nitrogen content
and/or the chamber pressure. A combined mode con-
taining both the diffusive and the weakly constrictive
attachments and a double-arc-root attachment may oc-
cur in the transitional region.

In brief, the present observation results of the arc
root behaviour suggest that the mode of attachment
on the anode surface of the plasma torch, i.e. as a
diffused- or constricted-type arc-root, is mainly deter-
mined by the type of working gas. The axial position
of the arc root and its movement are essentially con-
trolled by the balance between the gas flow action and
the magnetic field driving the arc.

4 Conclusions

The present observation results show that in the case
without an applied magnetic field, the laminar argon,
argon-hydrogen or argon-nitrogen plasma jet is stable
and axisymmetrical or nearly axisymmetrical. When
the vacuum-chamber pressure is reduced, the high-
temperature region of the argon plasma jet becomes
more extensive and with a larger cover-area as the jet
impinges upon the substrate. When the distance from
the torch exit to the substrate is comparatively short
and the argon-hydrogen mixture is used as the plasma-
forming gas, the arc column may be blown out from the
torch anode-nozzle exit until it reaches the region near
the water-cooled substrate surface and then bends up-
wards to attach at the outer fringe of the anode-nozzle.

When an external magnetic field is applied, the argon-
hydrogen arc-root rotates rapidly along the anode exit
fringe, and the arc-root attachment location may re-
treat back into the interior of the torch anode-nozzle
at a higher magnetic-field intensity. Arc root attach-
ment on the anode surface is almost completely diffu-
sive when pure argon is used as the plasma-forming gas,
while the arc root attachment becomes sharply con-
centrated when hydrogen is added into argon as the
plasma-forming gas, even with only a small amount of
hydrogen. When argon-nitrogen mixture is used as the
plasma-forming gas, there may exist a transitional re-
gion between the completely diffusive and sharply con-
strictive arc-root attachments for a changing range of
nitrogen contents and/or chamber pressure. A com-
bined mode of diffusive and weakly constrictive attach-
ments and double-arc-root attachment could occur in
the transitional region.
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