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On the Use of Sweeping Langmuir Probes
in Cutting-Arc Plasmas—Part II:

Interpretation of the Results
Leandro Prevosto, Héctor Kelly, and Fernando Minotti

Abstract—A semiempirical Langmuir probe model is intro-
duced that is particularly adapted to high-energy-density cutting
arcs, for which, as we have shown in Part I, the ion current
collected by negatively biased probes shows no plateau in the ion
branch of the current–voltage (I–V ) probe characteristic, and the
signal amplitude is independent of the probe radius. According
to the model, the ion drag due to the high-velocity plasma flow
around the probe limits the effectively collecting area to a small
fraction of the probe surface. If, according to the experimental
evidence, this fraction is made independent of the probe radius,
then its value results proportional to the probe bias, and so no
plateau is found, at least as long as the collecting area is less than
(half) the probe surface, which happens only at rather high probe
bias. The model requires the determination of the function relating
the electric field (in the region between the unperturbed plasma
and the space-charge sheath close to the probe) to the parameters
of the problem. Dimensional analysis together with empirical
information allow to restrict the form of this function to leave only
an auxiliary dimensionless function, which can be argued to be
practically constant and whose value can be determined between
rather tight bounds. As an example, radial profiles of plasma
temperature and density are obtained by applying the proposed
model to the experimental values of a I–V probe characteristic
obtained in Part I. The derived temperature profile is in good
agreement with a previous published numerical simulation for a
similar cutting torch.

Index Terms—Cutting arcs, Langmuir probes, plasma
diagnostic.

I. INTRODUCTION

I T IS WELL known that the derivation of the plasma proper-
ties from Langmuir-probe measurements solely depends on

the theoretical model with which the probe (I–V ) characteristic
is interpreted. Unfortunately, there is only a limited range
of experimental conditions under which the theory is only
moderately complicated, i.e., low-pressure plasmas (where the
collisional mean free path of charged particles is greater than
the characteristic length of the probe and the perturbed region
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around it). This is the case for which Langmuir’s theory is
strictly valid [1].

In high-pressure plasmas, the situation is quite different.
Much of the work on Langmuir probes consider collision-
dominated space-charge sheath and flow velocities much less
than the speed of plasma sound [2]–[8]. The degree of ioniza-
tion of the plasma is implicitly assumed to be low (less or equal
to 10−4), e.g., flames.

Clements and Smy [3] showed that, in weakly ionized plas-
mas, with small probes at high bias, the space-charge sheath
will penetrate through the diffusion layer which surrounds the
probe, with the result that the dominant mechanism for the sup-
ply of ions to the probe (for a negatively biased probe) becomes
the convection of ions into the sheath by the hydrodynamic flow
of the plasma. Such mechanism yields a probe current which
varies as the square root of the probe bias.

In strongly ionized plasmas, the space-charge sheath is well
differentiated from the diffusion layer, and thus, the ion current
outside the sheath is diffusive [9], [10]. Besides, the Debye
length in the temperature range of interest is usually smaller
than the smallest mean free path, and thus, the space-charge
sheath is collisionless. The resulting current is nearly indepen-
dent of the probe potential, which is screened off, and coincides
with the ion saturation current. The theory of probes in thermal
plasmas has the added complexity that the matching of the
space-charge sheath to the adjacent quasi-neutral presheath is
extremely difficult [11]–[17]. It can only be done if a kinetic
approach is adopted for the so-called Knudsen layer, between
the continuum presheath (the region that matches the probe and
plasma potentials) and the collisionless sheath, which has not
yet been done for probes.

The interpretations of probe signals best developed for flow-
ing thermal plasmas are those based on much more simplified
probe theories (through order of magnitude estimates) for the
calculation of the ion saturation current, in order to estimate
the charged-particle density in the undisturbed plasma [9].
Experimental data on ion saturation currents for weakly ionized
plasmas and for probes of cylindrical and spherical shapes are
available in the literature. However, the theoretical treatment
of these data has not been general: Every author or group of
authors used his own theory [18], [19].

Benilov and Rogov [9] presented a study to treat probe
measurements (see [9, Table 1]) in the framework of a unified
theoretical technique. The theory considers an electric probe
immersed in a uniform plasma composed of three species:
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neutral particles, single-charged positive ions, and electrons;
neglecting volume ionization and recombination in the sheath
region. Moreover, this theory assumes that the current-
collecting surfaces for spherical or cylindrical probes in a cross
plasma flow are semispheres or semicylinders, respectively.
The authors show that, in the framework of this model, the
normalized values of cylindrical and spherical probes satu-
ration currents may be approximately considered as univer-
sal functions of the diffusive Peclet number. That analytical
model describes most of the data in [9, Table 1] within an
accuracy of a factor three. Note that the covered range in-
cludes both weakly and strongly ionized plasmas; however, the
plasma flow velocity is always well less than the ion-sound
velocity.

More recently, Benilov [10] presented a theoretical work on
the use of the probe characteristic curve for the determination
of the electron temperature in the undisturbed plasma. In his
work, it is shown that, over a wide range of parameters of
high-pressure flowing plasmas, the current drawn by a negative
probe does not perturb the distribution of the charged-particle
density, electron temperature, and the plasma potential beyond
a thin space-charge sheath. Besides, a semilogarithmic plot of
the dependence of the electron current on the probe potential is
close to a straight line. The value of the electron temperature
determined using the slope of this plot corresponds to the edge
of the aforementioned sheath.

High-energy-density cutting arcs are characterized by
high-pressures (atmospheric and above), high space-charge
densities (up to 1024 m−3), and high velocities (up to about
6000 ms−1) [20], so that the plasma velocities are around one
order of magnitude higher than the highest velocities reported
in [9, Table 1]. Furthermore, the published Langmuir-probe
theories used in the investigation of high-pressure thermal
plasmas [9], [10] cannot describe the unexpected results related
to the probe characteristic and to the collecting probe area
reported in Part I, i.e., the lack of ion current saturation, and
the independence of the collected current on the probe area
found in a high-energy-density cutting arc. In this paper, we
present a new semiempirical Langmuir-probe model to interpret
the experimental results presented in Part I. The model can be
employed to derive the radial profiles of the plasma temperature
and density along the arc. As an example, a case corresponding
to a 30-A oxygen cutting torch at 3.5 mm from the nozzle exit
is presented and discussed.

II. SEMIEMPIRICAL LANGMUIR-PROBE MODEL

In what follows, we present a simplified model to explain
the ion branch of the probe characteristic in a high-pressure
high-velocity plasma. The boundary layer of a highly ionized
high-pressure collision-dominated plasma (probe radius Rp �
collision mean free path of charged particles � electron Debye
length λD) in contact with a negatively biased probe (probe
potential about or below the plasma potential) can be split up in
two conventionally different zones: 1) a collision-free positive
space-charge zone with an extension of some λD (the “sheath”)
and 2) a collision-dominated quasi-neutral zone with a typical
extension L � λD (the “presheath”).

In the diffusive approximation, the ion flux toward the probe
surface in the presheath region is due to ambipolar diffusion [1],
[9], [10]

Γ+ = −Da∇n (1)

where n is the local charged-particle density, and Da is the
ambipolar diffusion coefficient

Da ≡ (Th + Te)DiaDea

ThDea + TeDia
(2)

where Te and Th are the electron and heavy-particle tempera-
ture, respectively, and Dia and Dea are the diffusion coefficients
of ions and electrons in a neutral gas, respectively. Assuming
that the plasma is in (at least partial) thermodynamic equilib-
rium, i.e., Te

∼= Th = T , and taking into account that Dia/Dea

is on the order of
√

me/mi (where me and mi are the electron
and ion mass, respectively), one can drop the second term in
the denominator of (2), thus giving Da

∼= 2Dia. This diffusion
coefficient is related to gas kinetic parameters by [21]

Da ≈ 2
1
3
viλia (3)

where vi is the ion mean thermal velocity, and λia is the ion
mean free path for collisions between ions and neutrals, defined
by λia ≡ 1/nnσ0, where nn is the neutral density and σ0 is the
elastic cross section, typically ≈ 5 × 10−19 m2 [21], [22].

Using (1), the ion current density carried by the diffusive flux
toward the probe is given by

j̄ ≈ −eDa∇n (4)

where e is the electron charge.
Note that, in the frame of Clements and Smy classification

[2], [3], the ion-flux regime toward the probe surface is purely
diffusive if Pe(e(Vp − Vs)/kT )2(λD/Rp)2 � 1, where Pe ≡
uRp/Da is the diffusive Peclet number (sometimes called the
electrical Reynolds number). The convective regime holds in
the opposite case. Here, (Vp − Vs), k, and u are the probe
potential Vp measured with respect to the unperturbed plasma
potential Vs, the Boltzmann’s constant, and the plasma flow
velocity, respectively. For flow velocities on the order of the
ion-sound velocity (see as follows) and for Vp − Vs ≈ 24 V
(see Part I) is Pe(e(Vp − Vs)/kT )2(λD/Rp)2 < 10−2 in the
temperature range of interest (T > 10 kK), thus supporting the
validity of a diffusive approximation.

If the probe is under a negative potential with respect to the
undisturbed plasma (about or below the probe-floating poten-
tial), the electron flux to the probe is of the same order of magni-
tude as, or smaller than, the low ion flux. Therefore, oppositely
directed, high-diffusion, and drift electronic fluxes balance each
other out to yield a very small resultant-net electron flux,
then Γe

∼= 0 [1]. Considering the Einstein relation De/µe =
kT/e, the radial diffusive velocity in the quasi-neutral region is
given by

Da
|∇n|

n
= Da

e

kT
E (5)
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Fig. 1. Scheme of the probe and the plasma flow around it. The radius at
which an average ion has its last collision with neutral before reaching the probe
surface is indicated by y. The limiting condition at which this is possible is
shown and the corresponding limit angle denoted by θl.

where µe is the electron mobility, and E is the electric-field
strength at the considered point.

Since a high-energy-density plasma cutting torch creates
an underexpanded sonic flow at the nozzle exit [20], the
arc-plasma jet velocity is on the order of the ion-sound
velocity vis ≡

√
kT/mi. For typical temperature values

of an oxygen arc-plasma jet, T ∼ (1–2)104 K, it results
vis ∼ (2–2.8)103 ms−1. Thus, the ions diffusing to the probe
with a velocity forming a nonzero angle with the flow can be
easily dragged by the plasma flow. If the flow is subsonic, in
our case, photographs of the arc show the presence of a shock
wave at z ≈ 1.1 mm from the nozzle exit (where z is the axial
coordinate along the arc), thus the flow is subsonic at distances
larger than this value (and in particular for z = 3.5 mm); it
can be modeled by the classical field velocity corresponding
roughly to incompressible inviscid flow around a cylinder [23].
In the vicinities of the probe surface, the tangential velocity of
this flow can be expressed as

u = u∞

(
1 +

(
Rp

y

)2
)

sin θ ≈ 2u∞ sin θ (6)

where y is the radius at the considered point, θ is the azimuthal
angle measured from the upstream flow direction (see Fig. 1),
and u∞ is the unperturbed plasma flow velocity.

It has been suggested [9] that in atmospheric-pressure arc
plasmas (flow velocity on the order of 102 ms−1, corresponding
to tungsten inert gas (TIG) arcs), only the front semicylinder
of a cylindrical probe is active in charge collection. Other
authors [19] have proposed that the active probe collecting area
is controlled by the boundary-layer separation angle (≈120◦).
Neither of these possibilities appears to describe our observed
experimental behavior, i.e., the independency of the ion current
on the probe radius.

The criterion suggested here is as follows. At the point of
the last ion–neutral collision before the ions reach the probe,

y ≈ Rp + λia, the ion velocity [composed of the radial diffu-
sive velocity in (5) and the tangential flow velocity in (6)] must
be directed toward the probe surface if this ion is to reach that
probe surface (see Fig. 1). This establishes a limit angle for
the ion probe collection, which corresponds to an ion arriving
tangentially at the probe surface. Using (5) and (6) and simple
geometrical considerations, the value of the θ-limiting angle
(θl) is given by

sin θl ≈
1
2

Da

u∞
e

E

kT

√
Rp

2λia
. (7)

Using (4) and the Bohm criterion for a thin and collisionless
sheath [11], the ion current density carried by the diffusive flux
toward the probe, at y = Rp + λD

∼= Rp, is given by

j ≈ ensvB (8)

where ns is the charged-particle density at the sheath edge
given by the approximate relationship ns ≈ n∞/

√
2.71 [1],

[18], where the subscript ∞ denotes unperturbed values and
vB ≡

√
kT/mi is the Bohm velocity, coincident with the

ion-sound velocity. Note that the vB value appearing in (8)
refers to the value of this quantity at the border between
the sheath and presheath regions. Since vB is related to the
electron temperature at the quoted border, we have estimated
the electron-temperature perturbation, following Fanara’s mod-
ification of the original Smy criterion for the occurrence of
cooling [18]. The criterion compares the characteristic time
(τf) during which the fluid is in contact with the cooling
body (the probe), with the characteristic time (τe) for electron-
energy loses. In Fanara’s work, it is found that, for TIG arcs
(with flow velocities around 100 m/s), the number of elastic
collisions experienced during the characteristic time τf is as
follows: τf ≈ 105 τ (where τ is the characteristic time for
elastic collisions). Since, in a high-energy-density cutting arc,
the flow characteristic velocity is around 2–3 103 m/s (sound
velocity) and the characteristic time for electron-energy loses
with oxygen atoms is around 3 104 times larger than the
corresponding elastic-collision time (due to the smallness of
the electron mass), it is obtained in our case τf ≈ 0.2 τe,
showing that the electron cooling is not relevant due to the high
velocity flow.

It should be noted that, in practice, θl is a small angle (the
flow tangential velocity is much larger than the radial diffusive
velocity at the point of the last collision), thus 2 sin θl Rp ≈
2θl Rp represents the effective collecting area of the probe
surface (per unit length). Using (3), (7), and (8), and taking the
flow velocity as the ion-sound velocity, the ion-current per-unit
length of the probe is given by

i′p ≈ 0.46en∞vBλ
1/2
ia

eE

kT
R3/2

p (9)

(all the numerical factors are embedded in the 0.46 number,
including the ratio vi/u∞ =

√
8/π).

In order to close the theory, the electric-field strength value
must be related to the probe potential Vp, measured with
respect to the unperturbed plasma potential Vs, and to the
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intervening magnitudes of the problem, i.e., E = f(|Vp −
Vs|, λia, Rp, T,mi, u∞, n∞), the electron mass has been omit-
ted because E is the field in the presheath region for the case
λD/Rp → 0 [11]. Dimensional analysis applied to this relation
predicts that

E =
|Vp − Vs|

Rp
F

(
λia/Rp, u∞/

√
kT/mi, n∞λ3

ia

)
(10)

where F is a dimensionless function of its arguments.
Equations (9) and (10) predict, in general, a dependence

of i′p on Rp, but the experiment reported in Part I shows
no such dependence. This fact determines the function F in
(10) as F (ξ) = ψ ξ1/2, with ψ a dimensionless function of
u∞/

√
kT/mi and n∞λ3

ia. With this expression for F , using (9)
and (10), the ion-current per-unit length to the probe is given by

i′p ≈ 0.46 ψ en∞vBλia
e |Vp − Vs|

kT
. (11)

Equation (11) predicts an ion current that increases linearly
with the absolute value of the probe-biasing voltage. The physi-
cal reason of this behavior is an increase of the probe collecting
area as the probe bias increases as, from (7), θl grows linearly
with the E value (for a given value of Rp) and, thus, with
|Vp − Vs|. A similar dependence between the probe current and
the probe voltage can be seen in the experimental curve of
Fig. 8 in Part I.

In order to relate the plasma potential Vs to the measured
probe potential V0 for zero-net current (see Part I), the following
considerations are made. As the electron thermal velocity ve ≡√

8kT/(πme) is very large as compared to the fluid-plasma
velocity, the usual expression for the electron current collected
by a probe applies. This current (per-unit probe length) for a
cylindrical probe in a high-pressure plasma is [1]

i′e = 2πRp
1
4γ

n∞ev̄e exp (−e|Vp − Vs|) (12)

where the correction factor γ is given by

γ = 1 +
λD

2λea

kT

e(Vp − Vs)
(13)

where λea is the electron mean free path for collisions with
neutrals. This factor γ is very close to unity for the conditions
considered (λD � λea and kT/e < |Vp − Vs|), and so, we
take γ = 1.

The V0 value can be obtained equating (11) and (12) for
Vp = V0 to obtain

0.18ψ

√
me

mi

λia

Rp

e|V0 − Vs|
kT

= exp (−e|V0 − Vs|) . (14)

This expression thus allows one to obtain Vs from the mea-
sured value of V0.

Equation (11) can be employed to derive information on
the arc structure by using a geometrical inversion procedure.
The geometry is shown in Fig. 2, which shows, at a given
time, the probe axis passing through the arc section. Assuming
circular symmetry for the arc profile, the arc core can be divided

Fig. 2. Scheme of the probe sweeping across the plasma with velocity Vp

used to obtain (12) for the Abel inversion. The plasma properties are supposed
to vary with radial coordinate r, and so, each annulus of plasma at radius r
contributes differently to the total probe current ip, resulting in a time-
dependent signal.

into several concentric elemental annulus so that the probe
current can be expressed as the sum of contributions from many
regions with different plasma properties but at the same probe
potential. Using simple geometrical considerations, one can
write from (11) the ion current in terms of an integral along
the radial direction as follows:

ip(x ≡ vpt) = 2 × 0.46 e
|Vp(x) − Vs|

k/e

×
RA∫

r=|x|

ψ
n∞vBλia

T

r√
r2 − x2

dr (15)

where ip is the total ion current (not per-unit length), x is
the coordinate of the probe axis (determined by the probe
velocity vp at the time t, x ≡ vpt), and RA is the plasma-
arc radius. By using the Abel-inversion technique, a radial
profile of the plasma quantities can be derived from (15) with
some additional assumptions, as the neutral density and the
plasma density, and temperature are involved in the integral
appearing in (15). These magnitudes can be related through
the equation of state (assuming that the arc pressure is uniform
along the radius) and through the Saha equation (local thermal
equilibrium), thus closing the system. It is worth noting that the
knowledge of the arc pressure is essential for the application of
the presented procedure. This is the reason why the axial-probe
positions must be taken after the characteristic shock front that
appears close to the nozzle exit in this type of arcs, where the
arc pressure can be considered to be the atmospheric value [20].

It is well known that any error in the input data for an Abel-
inversion technique can be amplified in the computation, and
care must be taken to reduce such errors to a minimum. To
this end, the input data are fitted with a high-order polynomial
before Abel inversion. The radial profile of temperature and
plasma-charge density is then calculated in accord with the
Saha equilibrium and the ideal gases equation for 0.13 MPa.
The overpressure value of 0.03 MPa takes into account the
stagnation effects in the upstream edge of the probe surface for
a plasma flow velocity of ≈2 × 10−3 ms−1 (on the order of
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Fig. 3. Upper and lower bounds of the function ψ as a unction of temperature.

the ion-sound velocity) and a plasma density corresponding to
a pressure of 0.1 MPa and a temperature of 14 kK (as it will
be shown in the next section, this is a typical value obtained
for T ).

Up to this point, the expression of the function ψ was left
unspecified. It should be noted that a univocal determination of
this function would require the complete solution of the sheath
and presheath regions for collision-dominated highly ionized
thermal plasmas flowing at velocities close to the sonic velocity.
To our knowledge, this solution has not yet been determined.
However, a determination of the admitted ψ values can be made
by analyzing the bounds of the electric field in the presheath
region. According to (10) and the expression of F , this field is
given by

E = ψ
|Vp − Vs|

Rp

√
λia

Rp
. (16)

On the other hand, as sin θl ≤ 1, relation (7) determines that

E ≤ 2
kT

e

u∞
Da

√
2λia

Rp
(17)

while a lower bound can be obtained using as a potential
difference across the presheath the conservative value kT/e and
as a length scale the largest one, L = Rp, to obtain

kT

eRp
≤ E. (18)

From (16), –(18), one obtains

kT

e|Vp − Vs|

(
Rp

λia

)1/2

≤ ψ ≤ 2
√

2
kT

e|Vp − Vs|
u∞
Da

. (19)

The bounds in (19) can be evaluated as a function of T
using the less favorable values, for each bound, of Rp and/or
of |Vp − Vs| used in the experiment reported in Part I. The
results are shown in Fig. 3, where it can be appreciated that the
allowed values of ψ are restricted to a rather narrowband around
unity. This is very suggestive because the arguments of ψ are
u∞/

√
kT/mi and n∞λ3

ia. The first one is approximately unity,
whereas the second one varies between ≈1017 and ≈2 × 1018

Fig. 4. Experimental ion-current signal for a probe sweeping across the arc
at 3.5 mm from the nozzle exit of a 30-A oxygen cutting torch. Solid line:
Instantaneous signal. Dashed line: Average over 16 successive instantaneous
signals.

for the temperatures of interest. As no other dimensionless
parameters exist of similar magnitude, a value of order unity for
ψ can be obtained only if its dependence on n∞λ3

ia is extremely
weak. This allows one to treat ψ as a constant (the value of
u∞/

√
kT/mi is very close to unity in the region considered).

As the value of ψ is limited by the largest value of the lower
bound and the lowest value of the upper bound in the whole
temperature range where the model applies (θl ≤ π/2), one
should take ψ very close to one. From (14), we thus obtain,
for the temperature range of interest (12–16) kK and for Rp =
63 µm, that Vs − V0 ≈ 8 V with a slight dependence on Rp.

III. RESULTS OF THE INVERSION PROCEDURE

In Fig. 4, two ion-current signals are presented (one instan-
taneous and one 16× averaged) that will be used to perform
the inversion procedure. The probe radius was 63 µm, and
the probe tangential velocity was 18 ms−1 in this example.
The averaged signal represents an average over 16 consecutive
instantaneous signals (this means that the average is performed
over a time ≈1 ms). Note that the instantaneous signal presents
an almost square shape, while the averaged one presents a
Gaussian-like shape with a somewhat larger duration.

In Figs. 5 and 6, the obtained profiles of the plasma tem-
perature and density, respectively, are shown corresponding to
both ion-current signals. The chosen value for ψ was one in
this case. As shown, the temperature profiles show a monotonic
decreasing behavior from the arc center, with a peak value (T0)
somewhat higher for the instantaneous signal (T0 ≈ 15 kK,
whereas T0 ≈ 14.2 kK for the averaged signal). In addition,
the instantaneous signal gives a thinner arc (the instantaneous
profile decays abruptly at ≈0.6 mm, whereas corresponding to
the averaged signal at ≈1.1 mm). It is worth noting that the
abrupt decay at the end of the profiles cannot be taken with
confidence as it is an artifact of the Abel-inversion technique.
The reason was pointed out by Gick et al. [19] and is related to
the fact that, for temperatures below about 6 kK, the function
that is being inverted in (12) decays too fast with the temper-
ature to give accurate values for this quantity. There are no



276 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 36, NO. 1, FEBRUARY 2008

Fig. 5. Temperature of the plasma, as a function of the radial coordinate,
obtained form the inversion of the instantaneous signal (solid line) and of the
averaged signal (dashed line) shown in Fig. 4.

Fig. 6. Plasma-density radial profile corresponding to the temperature profile
in Fig. 5.

experimental data available on temperature measurements for
an arc of similar characteristics to those considered here, at the
axial positions explored in this paper (spectroscopic tempera-
ture measurements in a similar arc have been presented but at
an axial position very close to the nozzle exit [20]). However,
there are numerical simulations, validated with experimental
results, which predict temperature profiles that are very close
to those obtained here at the same axial position [20]. Note
that the electron temperature values inferred from the inversion
procedure of (15) are in agreement with the previous estimation
of low electron cooling.

The plasma-density profiles shown in Fig. 6 are obtained
from the temperature profiles in Fig. 5 by applying the
ideal gas law and Saha equation (at the constant pressure of
0.13 MPa). As expected, the profiles are concentrated in the
region of high temperature (T > 10 kK), and correspondingly,
the instantaneous peak value is higher than that of the averaged
value. For both profiles, the plasma is located within a radius
of ≈0.3 mm.

Concerning the uncertainty in the plasma-quantity profiles
derived from the possible values of ψ, it should be mentioned
that, within the allowed band shown in Fig. 3, the T0 value

varies in less than 1 kK, and correspondingly, the peak-density
value is affected by no more than 7%.

Since it was shown in Part I that, in these experiments, the
arc voltage presented a strong ripple component, amounting
to around 10% (peak value) with respect to the average dc
component, a possible explanation of the relation between this
fluctuations with the fluctuation experimentally observed in the
amplitude and width of the ion-current signal (< 10% and 30%,
respectively, see Part I) are in order. It has been shown by
Pardo et al. [24] (using spectroscopic measurements in a cutting
torch with a similar level of arc-voltage fluctuation) that a volt-
age fluctuation of 10% results in a similar level of fluctuation
in the plasma temperature. In our case, it is clear that, since
the period of the ripple signal (≈7 ms) is much larger than
the transit time of the probe along the arc (≈50 µs, when
registering an ion-current signal), the whole detection time of
the ion-current signal occurs under a practically constant value
of the arc voltage (which, in principle, is somewhat unknown,
varying in ±10% around the average voltage value).

From a physical point of view, if the arc voltage increases,
an increase in the arc current is expected and a consequent
increase in T . However, the behavior of n is somewhat more
complicated. Since we are dealing with a region of free arc
burning, the outer pressure (that approximately fixes the arc
pressure) does not vary as the arc voltage changes; hence, it
is easy to show that n grows strongly with T for relatively low
T values (basically, due to a strong increase in the ionization
degree), up to a maximum value for T ≈ 18 kK (for an external
pressure of 0.13 MPa, a typical value in the region of our mea-
surements), and finally begins to decrease for larger T values
because the first oxygen ionization has been almost completed.
This behavior is translated to the arc structure in the following
way: Since the arc T and n profiles present a central peak with
values decaying to the arc border, a global increase in the arc
temperature profile is not translated similarly to the n profile.
The peak central value of n will change only a little (because
the central arc T value is very close to that corresponding
to the peak-density value, see Fig. 5), while the density values
in the outer regions of the arc will strongly increase (due to an
abrupt increase in the ionization degree in those regions). This
behavior will result in a thicker ion-current signal. Note that the
peak value of the ion signal does not change too much, because
the variation of the plasma quantities in the central arc regions
have not varied too much [and, in particular, the ion signal is
strongly dependent on n but varies only with the square root
of T , see (11)]. The situation for a lower arc-voltage value is
completely similar, resulting in a thinner ion-current signal with
almost the same amplitude.

In conclusion, we believe that the voltage ripple is caus-
ing the 30% and < 10% variations in the ion-signal width
and ion-signal amplitude, respectively, that was experimentally
observed.

For the above quoted reasons, the shape of the 16× average
arc quantities profiles presented in Figs. 5 and 6 are possibly
distorted by the ripple frequency, but this is not the case in the
derived profiles of the instantaneous signals. Note that these
signals were registered at practically constant value of the
arc voltage (temporal width ≈ 50 µs � period of the ripple
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signal ≈ 7 ms), and so, practically in absence of the voltage
ripple.

IV. FINAL REMARKS

In this paper, we present a new semiempirical Langmuir-
probe model to interpret the experimental results presented
in Part I. Although semiempirical in character, the presented
model allows a quantitative determination of plasma magni-
tudes from the ion I–V relation of a sweeping probe close
to the nozzle exit of a high-energy-density cutting torch. This
is possible because the unknown function ψ in (11) can be
argued to have values between rather tight bounds (determined
from the experimental results) to depend weakly on the value
of n∞λ3

ia, and also because, the plasma flow is close to the
ion-sound velocity. The model can be employed to derive the
radial profiles of the plasma temperature and density along
the arc, using the Abel-inversion technique. The maximum
uncertainty in the plasma-quantity profiles derived from the
possible values of ψ is less than 1 kK for the axial temperature
value, and correspondingly, the peak-plasma-density value is
affected by no more than 7%. As an example, the application
to measurements on a 30-A oxygen cutting torch at 3.5 mm
from the nozzle exit was presented and discussed. The predicted
temperature profile was in good agreement with a previously
published numerical simulation for a similar cutting torch.
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