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Langmuir probe measurements in an expanding magnetized plasma
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2Equipe Plasma Surface, Universite´ de Saint Jerome, Case 232, 13341 Marseille Cedex 20, France
~Received 21 February 1996!

Langmuir probe measurements are performed in magnetized expanding plasmas of different compositions.
The influence of the magnetic field on the currents collected by the probe in an argon plasma is investigated at
two different flows and for two different probe sizes. The experimental results are compared to existing
theories. A decrease in the ratio of electron to ion saturation currents is found both in theory and experimen-
tally. However, the theoretically predicted dependence of the ratio of electron to ion saturation current on probe
diameter is not observed. An empirically derived function is fitted to the data. Under the assumption that the
function fitted to the results in argon is valid in other plasmas, it is possible to determine relative ion densities
in magnetized nitrogen and hydrogen plasmas. It is found that the dominant ionic species in both plasmas is the
atomic ion~N1 and H1, respectively!. @S1063-651X~96!08008-7#

PACS number~s!: 52.70.2m, 52.40.Hf

I. INTRODUCTION

Expanding plasmas have become increasingly interesting
for application to a wide variety of technologies. As a hydro-
gen particle source they are used for surface modification,
passivation, and plasma cleaning of iron archaeological arti-
facts@1#. The argon hydrogen plasma serves as a precursor to
deposition plasmas that are used for fast deposition of amor-
phous hydrogenated silicon~a-Si:H!, amorphous carbon~a-
C:H!, diamond, and silicon nitride~SiNx! layers@2–4#. The
nitrogen plasma has applications to surface treatment by ni-
triding to realize hard anticorrosive layers such as titanium
nitride ~TiN!, and is of fundamental interest in the study of
N2/O2 mixtures for the understanding of reentry problems
with spacecraft.

To investigate two of the principal characteristics of a
plasma, the ionization degree and temperature of the plasma,
the static Langmuir probe is one of the most widely used
techniques. However, the theory of such probes under not-
so-ideal circumstances, such as the application of a magnetic
field, is still a topic of much research. In this paper we will
investigate the effect of a magnetic field on Langmuir probe
characteristics for several different plasma conditions and
compositions and the applicability of the existing theory.

II. EXPERIMENTS

A. Cascaded arc plasma

The plasma source used is the cascaded arc@Fig. 1~a!#,
with three cathodes, a stack of four isolated copper plates
with a 4-mm bore, and an anode nozzle. The current can be
varied, but is set to 50 A in the experiments described here.
The voltage drop depends on the gas flow rate and gas com-
position and ranges from 50–100 V. Details of the operation
of the cascaded arc can be found in@5#. The gas is injected at
the cathode side and is dissociated and ionized in the arc
channel. The plasma is then allowed to expand supersoni-
cally into a low-pressure chamber@Fig. 1~b!#.

The ion density at larger distances from the nozzle can be
increased by applying a magnetic field. For this purpose a

coil around the nozzle provides a diverging magnetic field
downstream that is parallel to the plasma flow with a maxi-
mum field strength of 40 mT. An overview of all relevant
parameters during the experiments is given in Table I.

B. Planar probe

For the investigation of the electron temperature and den-
sity of the plasma, two planar probes were constructed. The
probes@Fig. 2~a!# are circular probes made out of tungsten. A

FIG. 1. Cascaded arc plasma source~a! and the expanding
plasma setup~b!.
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probe with a diameter of 4 mm and one with a diameter of
1.8 mm were used. The edges of the probe are shielded off
by a ceramic~Al2O3! tube. Although it has been argued by
Schott @6# that the charge collected on the tube will distort
the field in front of the probe in an uncontrollable way, this is
thought not to be of great influence on the plasmas under
investigation here, because the electron density in the plas-
mas under investigation is of the order of 1017–1018 m23 and

the temperature is 0.1–0.5 eV. The Debye length conse-
quently is of the order of 1025 m. The distortion of the field
by the ceramic tube will therefore be limited to an area much
smaller than the probe area. An advantage of this design is
that no edge effects need be taken into account. Furthermore,
it is possible to use this probe in combination with a laser in
photoionization and photodetachment experiments@7# with-
out exposing the probe surface to the laser beam.

The probe is placed inside the plasma at a distance of 25
cm from the nozzle for argon and nitrogen and 16 cm for
hydrogen. The normal to the probe surface is parallel to the
flow and the applied magnetic field. The current collected by
the probe is measured as a function of the applied potential
relative to ground. A schematic overview of the circuit is
given in Fig. 3~a!.

For double probe measurements, a similar probe design
was used@Fig. 2~b!#. The probe consists of two circular tung-
sten disks~diameter 1.8 mm! mounted inside a ceramic tube,
2 mm apart. In this setup the current through the probe is
measured as a function of applied potential difference. The
complete setup is therefore floating with respect to ground.
An overview of the setup is given in Fig. 3~b!.

III. THEORY

A. Single planar probe

In the experiments described, the single planar probe is
immersed in a plasma and the current is measured as a func-
tion of the applied potential. If a large positive potential is
applied, the current drawn from the plasma to the probe satu-
rates. The electron current is then limited to the random flux
of electrons in the sheath around the probe. As was shown in
the Sec. II B, the Debye length in the plasma is very small
~of the order of 1025 m! compared to the probe diameter.FIG. 2. Single~a! and double~b! Langmuir probes.

FIG. 3. Electrical circuit for measurements with the single probe
~a! and double probe~b!.

TABLE I. Overview of experimental conditions.

Ar flow 0.3 and 1 slm
N2 flow 1.4 slm
H2 flow 2 slm
Arc current 50 A
Chamber pressure 10–30 Pa
Magnetic field 0–18 mT
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The collection surface, consequently, can be taken to be
equal to the actual probe surfaceAp . If no magnetic field is
applied, the mean-free path of the electrons is in the range of
0.5 mm, for argon, to 7 mm, for hydrogen, i.e., much larger
than the thickness of the sheath and of the order of the probe
radius. For this case the electron saturation currentI s is given
by @8#

I es52 1
4ne0v̄eeAp , ~1!

with ne0 the electron density of the undisturbed plasma,v̄e
the electrons’ mean velocity, ande the electron charge. A
Maxwellian velocity distribution is assumed so thatv̄e
5A(8/p)(kTe /me), with Te the electron temperature andk
Boltzmann’s constant.

In the expanding plasma the ion temperatureTi is ap-
proximately equal to the electron temperature. It was shown
by Laframboise@9# that in this case (Ti'Te) ion collection
does not differ from electron collection and no so-called
presheath@10# is present. The ion saturation currentI1s, at
high negative potentials, is then given by an expression very
similar to ~1! and the ratio between electron and ion satura-
tion current becomes

I es
I1s

5Am1

me
, ~2!

which is 270 for argon.

B. Single planar probe in a strong magnetic field

The situation is considerably more complicated if a mag-
netic field is applied. When the magnetic field is sufficiently
strong, the electrons will be confined to the magnetic field
lines. The electron current collected by the probe will, due to
this confinement, be reduced. Although there have been sev-
eral theoretical studies@10–12#, there is still no consistent
theory to fully explain the reduction. Most widely used is the
theory of Bohmet al. @10#.

When a magnetic field is applied, the electrons will be
forced into a circular motion with a radiusre equal to the
Larmor radius

re5
mev̄
eB

, ~3!

with B the applied magnetic field. If the Larmor radius be-
comes smaller than the mean-free path of the electron
~re,l!, the plasma is effectively confined. If, under these
conditions, the Larmor radius is also smaller than the dimen-
sions perpendicular to the magnetic field of the probe
~re,r p , in the case of a planar probe with the normal of its
surface parallel to the magnetic field!, the current to the
probe is limited by diffusion. The particle flux to the probe in
this case is given by

GW52D= •¹W n2nm= •¹W V. ~4!

The diffusivityD= and the mobilitym= are anisotropic, due to
the magnetic field. The diffusion along the magnetic-field

lines remains unchanged (De5
1
3l v̄), but the components

perpendicular to the direction of the magnetic fieldD' are
reduced:

De'5
De

11~l/re!
2 . ~5!

It is assumed that Einstein’s relationm5eD/kT is still valid.
For a planar, circular probe with the normal of its surface
parallel to the magnetic field, the electron saturation current
then becomes@13#

I ei5I 0b, ~6!

with I 0 the undisturbed, random current given by Eq.~1! and
a reductionb(B) due to the magnetic field of

b5S 11
p

8

r p
l

@11~l/re!
2#1/2D 21

. ~7!

The ratio of saturation currents becomes

I esi
I1s

5Am1

me
b. ~8!

C. Double Langmuir probe †14‡

The saturation current to a floating double probe is given
by @similar to Eq.~1!#:

I1s1,256 1
4n10v̄1q1Ap1,2, ~9!

with Ap1,2 the surface area of the probe considered andq1

the charge of the ion. For small potentials current is also
carried by the electrons and the current through the probes is
given by

I p5I e12I1s15I es1e
eV1 /kTe2I1s1 ~Vp,0!,

I p5I1s22I e25I1s22I es2e
eV1 /kTe ~Vp.0!. ~10!

After rearranging Eq.~10! to

I p2I1s1

I1s22I p
5
Ap1

Ap2
eeVp /kTe, ~11!

the electron temperature is obtained. BecauseTi'Te , the
ion ~electron! density can be calculated from Eq.~9!. It is
easily seen, by inserting the electron current from Eq.~6!
into Eq. ~10!, that the presence of a magnetic field does not
change the characteristics of the double probe@Eq. ~11!#.

IV. ARGON PLASMA

To check the validity and applicability of the theory, mea-
surements were performed in a pure argon plasma at two
different flows@0.3 and 1 slm!. The pumping speed was kept
constant, resulting in chamber pressures of 11 Pa at 0.3-slm
flow and 27 Pa at 1 slm. The two probes as described in Sec.
II were placed with the normal of their surfaces parallel to
the magnetic field at a distance of 24 cm from the nozzle.
Measurements were made at magnetic fields between 0 and
16 mT. The probe characteristics at different magnetic fields
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at an argon flow of 0.3 slm, measured by the larger probe
~4-mm diameter! are shown in Fig. 4. The electron densities
and temperatures measured by the double probe are shown in
Fig. 5. The ratio of electron to ion saturation currents as a
function of the magnetic field for flows of 0.3 and 1 slm is
shown in Figs. 6~a! and 7~a!, respectively. The same ratios
are shown as a function of the Hall parameterl/re in Figs.
6~b! and 7~b!.

It was found that the current ratios in the absence of a
magnetic field range between 290 and 350. The theory of a
probe with a collisionless sheath as described in the Sec.
III A predicts a value of 270. The mean-free path for
electron-ion collisions is 1.6 mm at 0.3-slm flow~11 Pa! and
0.3 mm at 1-slm flow~27 Pa!. The mean-free path for colli-
sions with neutral particles is much larger~.2 cm atp527
Pa,Te50.25 eV!. The Debye length is of the order of 1026

m in both plasmas. Under these conditions the assumption of
a collisionless sheath can be made. The discrepancy between
the theoretically predicted ratio of electron to ion saturation
current of 270 and the experimental result of 290630 is pos-

sibly caused by the probe geometry.
With electron temperature and density measured by the

double probe as input parameters, Eq.~8! was used to calcu-
late the ratio of electron to ion saturation current at different
values of the magnetic field. The results of these calculations
are also shown in Figs. 6 and 7. In the case of the higher~1
slm! argon flow~Fig. 7!, confinement is reached at a higher
magnetic field, due to the smaller mean-free path caused by a
higher electron~ion! density. Therefore Eq.~8! becomes
valid at higher magnetic fields. The theoretical values at
B50 are calculated using Eq.~2!.

It can be seen in these figures that there is qualitative
agreement between theory and the experiments performed.
The dependence on probe radius as predicted in Eq.~7! is not
observed for either of the two flows. A possible explanation
may be found in the fact that the flow of the plasma was
neglected in the derivation of the equations. Also, the ce-
ramic tubes around the probe will influence the flow pattern
near the probes.

In order to be able to describe the dependency of the

FIG. 4. Single probe characteristics at different magnetic fields,
measured with a 4-mm-probe diameter, in an argon flow of 1 slm.
The enlargement shows the development of ion saturation current
with magnetic field.

FIG. 5. Electron density and electron temperature measured by
the Langmuir double probe. Squares are measurements in a flow of
0.3 slm~j, ne ; h, Te!, triangles are results in a flow of 1 slm~m,
ne ; n, Te!.

FIG. 6. Current ratio as a function of magnetic field~a! and as a
function of the Hall parameter~b! in an argon plasma with a total
flow of 0.3 slm. The circles~s, measurements;d, calculations! are
results with a 1.8-mm-probe diameter. The squares~h, measure-
ments;j, calculations! are results with a 4-mm-probe diameter.
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current ratio on the applied magnetic field empirically, the
probe ratio dependency was removed from Eq.~7!. A vari-
able l is now introduced as a fitting parameter:

b*5S 11
p

8

l

l
@11~l/re!

2#1/2D 21

. ~12!

The best fit is obtained withl51.260.2 mm. Using this
value the difference between theory and measurements is
less than 20% for both flows and both probe radii.

V. NITROGEN

If it is assumed that the empirically derived equation@Eq.
~12!# and value forl are also valid for gases other than argon,
it is possible to use the probe in the investigation of other,
more complicated, magnetized plasmas. One of the plasmas
of interest in surface modification and deposition studies is
the nitrogen plasma. For the investigation the setup described
in Sec. II was used. A pure nitrogen plasma was created with
a total flow of 1.4 slm at a pressure inside the vessel of 23
Pa. The electron densities vary between 0.731017 m23 at

B50 and 531017 m23 atB54.5 mT. The measured ratios of
saturation currents at different values of the magnetic field
are shown in Fig. 8. Because nitrogen forms two possible
ions~N1 and N2

1! the current ratio will be determined by the
relative densities of these ions:

I es
I1s

5
AmN1S nN112nN21

n1
D

me
b* ~13!

with nN1 and nN21 the N1 and N2
1 densities, andn1 the

total ion density. In Fig. 5 the calculated current ratios are
given for two distinct cases:nN1 /n151 and
nN1 /n150. It is clear that a best fit would yieldnN1 /n1

51. Taking into account the accuracy derived in Sec. IV, it
is possible to conclude that in this magnetized plasma the
atomic ion N1 is the dominant ionic species. This result is in
agreement with mass spectrometry measurements performed
by Dahiyaet al. @15#. Simple kinetic considerations can be
used to understand this result: Due to the high energy density
inside the arc, N1 will be the dominant ion at the nozzle.
Any N2

1 that might be produced downstream will be quickly
destroyed, because the destruction of N2

1 through the disso-
ciative recombination N2

11e2→2N is far more efficient
than the three-particle recombination N11e1M→N1M
needed to neutralize N1. N1 is therefore likely to be the
dominant ion downstream in the plasma.

VI. HYDROGEN

An even more complex plasma is the hydrogen plasma.
Hydrogen is known to form many different ions H1, H2

1,
H3

1, and even larger ionic molecules@16#. Besides these
positive ions, the negative ion H2 is also stable. This makes
it impossible to make a full quantitative analysis of the dis-
tribution of the charged particles in hydrogen using the
method described. However, some qualitative conclusions
can be drawn from an investigation of the saturation cur-
rents.

In Fig. 9 the saturation current ratio in a pure hydrogen
plasma, at a distance of 16 cm from the nozzle, at a flow rate
of 2 slm and a chamber pressure of 23 Pa, is shown as a

FIG. 7. Measurements and calculations in an argon plasma with
a total flow of 1 slm. The symbols are equivalent to those of Figs.
6~a! and 6~b!.

FIG. 8. Results from the nitrogen plasma with a total flow of 1.4
slm. The open symbols~h! are measured values. The solid symbols
are results from calculations assuming that all ions are N1 ~d! and
N2

1 ~m!, respectively.
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function of the magnetic field. The electron densities vary
between 0.131017m23 and 1431017m23 for magnetic fields
between 0 and 18 mT. Without going fully into the theories
that exist about probe analysis in the presence of negative
ions @17#, it is possible to estimate from the current ratios
whether or not H2 is the dominant negative particle. Because
of the difference in mobility between electrons and H2, the
density of H2 needs to be a factor of 10 higher than the
electron density for the ion to be the dominant negative par-
ticle. If H2 would be the dominant negative particle, the
saturation current atB50 would be between 1 and 2, de-
pending on the distribution of positive-ion densities~H2/H1

would yield a current ratio of 1; H2/H3
1 would yield 1.7!. At

increased magnetic field this ratio would remain within this
region because neither of the ions~positive or negative! is
yet confined. As all of the above predicted observations are
not found in these measurements, it is concluded that the
dominant negative particle is the electron rather than the

negative ion. The saturation current in this case becomes@see
also Eq.~13!#

I es
I1s

5
AmH1 (

p51...

pnHp1

n1

me
b* , ~14!

with p the number of atoms in an ion andnHp1 the density of
the Hp

1 ion. In Fig. 9 the calculated current ratios are given
for nH1 /n151 andnH21 /n151. From these calculations it
is possible to conclude that in the magnetized hydrogen
plasma the dominant ion is H1. The arguments that were
used to explain the results in nitrogen are also applicable to
hydrogen. This result is therefore in agreement with the
simple kinetic considerations explained in Sec. V.

VII. CONCLUSIONS

In the comparison of experiments to existing theory on
the ratio of electron to ion saturation currents, the depen-
dency on probe radius, as predicted by the theory, was not
observed. Therefore the theory was used to derive an empiri-
cal formula that describes the ratio of electron saturation to
ion saturation current. Under the assumption that this empiri-
cal formula remains valid in plasmas with a different com-
position, it was possible to derive relative ion densities in
magnetized nitrogen and hydrogen plasmas.
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