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Licenciada en F́ısica

Director: Luis Conde López
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cias por formarme no sólo para ser una persona cient́ıfica, sino también una cient́ıfica

persona. Gracias por vuestros consejos, por vuestra cercańıa, por vuestra dedicación,
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especial, gracias a Antonio y Bayajid por todo lo compartido. Much́ısimas gracias al

profesor Ezequiel del Rı́o por su generosidad y cercańıa, por su gran ayuda en las cues-
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quiero dedicarle a M. Carmen Velasco y Maŕıa G. Guijarro palabras de profunda grat-

itud por su cariño y completa disposición en todo momento. Gracias por hacerlo todo

mucho más fácil.
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ABSTRACT

Electric probes are widely employed for plasma diagnostics. This dissertation concerns

the operation of collecting and emissive Langmuir probes in low density cold plasmas.

The study is focused on the determination of the plasma potential, Vsp, by means of

the floating potential of emissive probes. This technique consists of the measurement of

the probe potential, corresponding to the zero net probe current, which is the so-called

floating potential, VF . This potential displaces towards the plasma potential as the

thermionic electron emission increases, until it saturates near Vsp.

Experiments carried out in the plasma plume of an ion thruster and in a glow discharge

plasma show the thermionic electron current of the emissive Langmuir probe is higher

than the collected electron current, for a probe with a bias potential below Vsp, which

is inconsistent with the traditional accepted theory. To investigate these results, a pa-

rameter R is introduced as the ratio between the emitted and the collected electron

current. This parameter, which is related to the difference VF − Vsp, is also useful for

the description of the operation modes of the emissive Langmuir probe (weak, strong

and beyond strong).

The experimental results give an inconsistency of R > 1, which is solved by a modifi-

cation of the theory for emissive probes, with the introduction of an effective electron

population. With this new electron group, the new model for the total probe current

agrees with the experimental data. The origin of this electron group remains an open

question, but it might be originated by a new potential structure near the emissive

probe when it operates in the strong emission regime. A simple one-dimension model

composed by a minimum of potential near the probe surface is discussed for strongly

emitting emissive probes. The results indicate that this complex potential structure

appears for very high probe temperatures and the potential well might reduce the emit-

ted electrons population reaching the plasma bulk.

The experimental issues involved in the floating potential method are also studied, as

the different obtaining techniques of VF , the signal-to-noise ratio, the signal coupling of
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the I-V curve measurement system or the experimental evidence of the probe operation

modes. These empirical proofs concern all the probe operation aspects: the electron

collection, the floating potential, the I-V curve accuracy as well as the electron emission.

This last issue is also investigated in this dissertation, because a super emission takes

place in the strong emission regime. In this operation mode, the experimental results

indicate that the thermionic electron currents might be higher than those predicted by

the classical Richardson-Dushman equation.

Finally, plasma diagnosis using electric probes in the presence of dust grains (dusty

plasmas) in low density cold plasmas is also addressed. The application of the float-

ing potential technique of the emissive probe in a non-conventional complex plasma is

numerically investigated, whose results point out the floating potential of the emissive

probe might be shifted for high dust density or large dust particles.
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RESUMEN

Las sondas eléctricas se emplean habitualmente en la diagnosis de plasmas. La presente

tesis aborda la operación de las sondas colectoras y emisoras de Langmuir en plasmas

fŕıos de baja densidad. El estudio se ha centrado en la determinación del potencial de

plasma, Vsp, mediante el potencial flotante de una sonda emisora. Esta técnica consiste

en la medida del potencial de la sonda correspondiente a la condición de corriente neta

igual a cero, el cual se denomina potencial flotante, VF . Este potencial se desplaza

hacia el potencial del plasma según aumenta la emisión termoiónica de la sonda, hasta

que se satura cerca de Vsp.

Los experimentos llevados a cabo en la pluma de plasma de un motor iónico y en un

plasma de descarga de glow muestran que la corriente de electrones termoiónicos es

mayor que la corriente de electrones recogidos para una sonda polarizada por debajo

del potencial del plasma, resultado inconsistente con la teoŕıa tradicionalmente acep-

tada. Para investigar estos resultados se ha introducido el parámetro R, definido como

el cociente entre la corriente de electrones emitidos y recogidos por la sonda. Este

parámetro, que está relacionado con la diferencia de potencial VF −Vsp, también es útil

para la descripción de los modos de operación de la sonda emisora (débil, fuerte y más

allá del fuerte).

Los resultados experimentales evidencian que, al contrario de lo que indica la teoŕıa,

R es mayor que la unidad. Esta discrepancia se puede solucionar introduciendo una

población efectiva de electrones. Con dicha población, el nuevo modelo para la cor-

riente total de la sonda reproduce los datos experimentales. El origen de este grupo

electrónico es todav́ıa una cuestión abierta, pero podŕıa estar originada por una nueva

estructura de potencial cerca de la sonda cuando ésta trabaja en el régimen de emisión

fuerte. Para explicar dicha estructura de potencial, se propone un modelo unidimen-

sional compuesto por un mı́nimo de potencial cerca de la superficie de la sonda. El

análisis numérico indica que este pozo de potencial aparece para muy altas temperat-

uras de la sonda, reduciendo la cantidad de electrones emitidos que alcanzan el plasma

y evitando aśı cualquier posible perturbación de éste.
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Los aspectos experimentales involucrados en el método del potencial flotante también

se han estudiado, incluyendo cuestiones como las diferentes técnicas de obtención del

VF , el cociente señal-ruido, el acoplamiento de la señal de los equipos utilizados para

la obtención de las curvas I-V o la evidencia experimental de los diferentes modos de

operación de la sonda. Estas evidencias emṕıricas se encuentran en todos los aspectos

de operación de la sonda: la recolección de electrones, el potencial flotante, la pre-

cisión en las curvas I-V y la emisión electrónica. Ésta última también se estudia en la

tesis, debido a que un fenómeno de súper emisión tiene lugar en el régimen de emisión

fuerte. En este modo de operación, las medidas experimentales indican que las corri-

entes termoiónicas de electrones son mayores que aquéllas predichas por la ecuación de

Richardson-Dushman clásica.

Por último, la diagnosis de plasmas usando sondas eléctrica bajo presencia de granos de

polvo (plasmas granulares) en plasmas fŕıos de baja densidad también se ha estudiado,

mediante la aplicación numérica de la técnica del potencial flotante de la sonda emisora

en un plasma no convencional. Los resultados apuntan a que el potencial flotante de

una sonda emisora se veŕıa afectado por altas densidades de polvo o grandes part́ıculas.
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CHAPTER 1

INTRODUCTION

At the beginning of the 20th century, the term plasma appeared in the pioneering

works [1] and [2] to describe the bulk of an ionized gas where the charges of ions and

electrons are balanced, [3]. However, although the definition of the term is relatively re-

cent, plasma science is an old field, [4]. The first plasma studies tackled the problem of

the gaseous electron tubes and the propagation of radio waves through the ionosphere.

Since the 1950s, plasma has become a leading actor in modern science by means of

research for controlled nuclear fusion, which could represent a future solution for the

global energy problem. New plasma applications in modern fields matured in the en-

suing decades, such as space propulsion around the 1960’s or plasma processing twenty

years later. This latter field arose as a need for the new era of electronics. The fab-

rication of electronic devices required an important effort in the research of plasmas,

encouraging the development of this physical field. Finally, during the 1990’s inter-

est in dusty plasma began encompassing everything from Saturn’s rings to the edge

of tokamaks. As can be seen in this brief timeline, during the 20th century plasma

science has become a broad and active field of research, and as in all the disciplines

of physics, theoretical and experimental branches have been developed in parallel, [4,5].

The advance in reliable theories required experimental verification. This needed the

understanding and development of plasma sources as well as diagnostic techniques.

The generation of plasmas is important for testing theories and for further applications

in industry and technology, although diagnostics are also fundamental. Knowledge of

plasma properties is acquired by diagnostics, which should be accurate and precise

enough to be useful and trustworthy. Because of this, a large community of scientists

have been involved in this field and nowadays plasma diagnostics is one of the most im-

portant areas of plasma physics. Indeed, it constitutes by itself an independent branch

within plasma science.

Diagnostics consists of the extraction of information from the plasma state by means of

the interpretation and observation of different physical processes. As a result, plasma

diagnostics is not just the observation of the recorded measurements by the appropriate
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devices. There is also the need to make a number of hypothesis to describe the plasma

(for example, the energy distribution of each plasma species) as well as the operation

of the measuring instruments (e.g., how the charges are collected to calculate an elec-

tric current). Due to the significant differences both in parameters and behaviours

among the large number of plasmas, the required diagnostic methods for each kind of

plasma are very different. Some of these techniques are magnetic measurements, elec-

tric probes, procedures based on ionic processes, the refractive index or the radiative

emission and scattering, [6].

Within this sea of diagnostic methods, electric probes reside. Around 1920, H. M.

Mott-Smith and I. Langmuir proposed introducing electrodes, later called Langmuir

probes, inside the plasma in order to measure its parameters, [7, 8]. Since then, these

tools have been used for characterizing multiple types of plasmas, leading to important

advances in the comprehension of their operation. In particular, electric probes are

very appropriate for cold low density plasmas, which are the object of study of the

present dissertation. The so-called cold plasmas are those whose electron temperatures

range between (0.1− 10) eV. This category includes electric discharges, plasma on the

edge of fusion reactors, ionospheric plasmas and plasmas for space propulsion, [9–11].

As we will see in detail in chapter 3, two basic types of Langmuir probes are found. The

collecting probe is an electrode immersed in plasma. The emissive probe, like the col-

lecting one, is an electrode but with an interesting property: it can emit electrons when

it is strongly heated. Although different diagnostic techniques have been developed ei-

ther with collecting or emissive probes to obtain information from the plasma, [12], [13]

or [14], their operation is essentially the same. When Langmuir probes are submerged

in the plasma, in accordance to its electric bias potential, Vp, a current, Ip, of both

electrons and ions is established, [15]. The study of the functional shape of Ip = f(Vp)

provides information about the properties of the plasma under study, [16,17]. Summa-

rizing, as indicated in [6], we could say Langmuir probes characterize the plasma by

means of the charged particle species fluxes.

Although the theory of these probes was established by Langmuir in the 1920’s [7] and

they have been widely used, there are still open questions concerning their operation.

Some of these unsolved issues are related to the emissive probes, and they will be deeply

treated in this dissertation. The dependence of the electron saturation current on the

working temperature of the probe, [18, 19] was left unresolved. The classical theory

does not predict this phenomenon, and as it will be dealt with in chapter 5, the theory

should be modified to explain this dependence. Similarly, since the emitted electrons

rely on the probe temperature, [15], different regimes of operation of the probe could

be defined, based on the ratio between emitted and collected currents, [20]. The weak

emission regime is defined as the operation mode of the probe when it emits a neg-

ligible electron current. The strong emission regime refers to the mode of operation

of the probe when the emission is high enough to compete with the collected current.

This huge emission raises the question about the perturbation of the plasma bulk by
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these electrons. One of the main properties that a diagnostic tool should have is its

unperturbed action, i.e., the probe should not modify the surrounding plasma so as

to not to misread the parameters of the plasma, [6]. Therefore, the different regimes

of the emissive probe have to be studied to guarantee that the measurements yielded

by this probe are reliable and accurate. This question will be tackled in the present

dissertation and will be related to a new potential structure formed around the surface

of the emissive probe, [21]. The existence of this potential structure near the probe

should be well-known in order to ensure the plasma potential measurements obtained

by means of an emissive probe are correct and precise, [22–24].

These and other issues will be addressed in the present dissertation, because their solu-

tions are fundamental for the employment of Langmuir probes as reliable and accurate

diagnostic instruments. In addition, the operation of emissive probes is of great interest

since they give measurements of the plasma potential which are usually more precise

than those provided by the collecting probes, [25]. In the following section, we will give

a short survey of the current use of Langmuir probes.

1.1 Langmuir probes

One of the main advantages of these diagnostic instruments is that Langmuir probes

offer a local measurement of the plasma parameters. This interesting property makes

them very appropriate for the determination of the potential distribution in the scrape-

off layer of tokamaks, [26, 27], and other related aspects. In addition, these probes

are also used for determining the change of the electric field in this area of the toka-

maks, [28,29]. The wide use of electric probes by the fusion community involve different

electric probes such as the traditional collecting or emissive probes, or new structures,

such as ball-pen probes [30,31] or hairpin probes [32,33].

This local measurement is also useful for obtaining the spatial distribution point to point

(mapping) of the properties of the plume generated by ion and Hall thrusters [34, 35].

The increasing interest in space propulsion by means of thrusters based on plasma,

where the ions are accelerated for propelling vehicles or satellites, makes of utmost

importance the characterization of the plasma plume generated. The correct deter-

mination of this plume is fundamental for evaluating the integration of the electric

thruster as well as its interaction with other subsystems, such as communication an-

tennas or solar panels. The reflection of electromagnetic waves by a plasma when the

signal frequency is below the plasma frequency is one example of the problems to be

solved. It is also important to know the velocity distribution of plasma ions, since they

may cause the sputtering of the surfaces inside the cone of the plasma plume. All sur-

faces inside this angle can be damaged because of the beam of plasma particles. These

arguments highlight the requirement of a precise measurement of the plume parameters

of electric thrusters, and for these purposes, the Langmuir probes are particularly ap-

propriate, [11, 36–38]. However, the plasma plume constitutes a drifting plasma where
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the collecting probes might give misleading results for the plasma potential. Never-

theless, this problem is circumvented by the use of emissive Langmuir probes, since

these probes can be operated even under plasma drifts to give an accurate value of the

plasma potential, [39, 40].

The previously mentioned problem concerning the signal reflection is also present in

the re-entry of vehicles. When a spacecraft enters into the terrestrial atmosphere, a

shock wave is formed at the front of the vehicle and the surrounding air is heated,

becoming ionized. The plasma sheath formed near the vehicle can produce a communi-

cation blackout, [41–43]. This is a problem related again to the frequency of the sheath

plasma: if the signal frequency is below the sheath plasma, communication will not

be possible. Different plasma diagnostic instruments have been placed onboard many

vehicles to study this sheath, whose parameters are crucial to communications. Some

of these were Langmuir probes, [44], which gave information about the density of the

plasma as a function of altitude.

Langmuir probes can also be found in the study of natural plasmas. The understand-

ing of the regions of the ionosphere, where a cold plasma exists, is crucial for different

issues, for example, the propagation of communication waves by satellites or space-

crafts. Therefore, some efforts have been made to characterize the different phenomena

in these plasma environments, such as NASA’s Fast Auroral Snapshot (FAST) whose

aim was to study the plasma of the low altitude auroral acceleration region, [45]. In

this mission, different plasma instruments were onboard, and within these set of di-

agnostics tools, Langmuir probes were included, [46]. In the study of extra-terrestrial

objects Langmuir probes are also involved. The Rosetta and Cassini missions carried

Langmuir probes to study comets and Saturn’s dusty rings, respectively. The goal of

the Rosetta mission was to study the origin of comets and the solar system, and it was

launched by the European Space Agency (ESA) in 2004, [47]. It will orbit near Comet

67 P/Churyumov-Gerasimenko during 2014 and 2015, placing a lander on its surface.

A very detailed study of the comet will be attempted by the instruments of Rosetta,

such as the Langmuir probe described in reference [48]. This probe was built in the

Swedish Institute of Space Physics (IRF-U), and it will provide information about the

plasma close to the comet.

This IRF-U Institute also built the Langmuir probes employed in the Cassini-Huygens

mission, which was a project between NASA, ESA and the Italian Space Agency. The

objective of this mission was to provide information about Saturn’s magnetosphere, its

rings and some of its moons, especially Titan. A Langmuir probe was also used in

Cassini for the measurement of the electron density and temperature, [49]. However,

the use of Langmuir probes onboard spacecrafts flying through a plasma medium have

different problems involved, such as the bias of the probe. Due to the higher velocity

of the electrons with respect to the ions, the spacecraft is negatively charged when it

flies through a plasma medium, such as the magnetosphere, [50]. Nevertheless, when

the space vehicle is sunlit, a process of photoemission is involved and the spacecraft
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becomes positively charged. Therefore, these two mechanisms, as well as others not

mentioned here, determine the charge of the spacecraft with regard to which the po-

tential of the Langmuir probe has to be calculated.

From a simplistic point of view, we can see the charged spacecraft inside the plasma

environment as a Langmuir probe: they are both electrodes acquiring a potential due to

contact with the plasma. Apart from these two examples, a dust grain inside a plasma

acts as a Langmuir probe: it is charged by the electrons (due to their high velocity)

until equilibrium is reached. These plasmas with dust grains are the so-called dusty

plasmas, discovered in the 1980’s and 90’s, [51,52]. Dusty plasmas are present in several

astrophysical objects and they are also found in laboratory plasmas, [53,54]. Different

diagnostics techniques are used to study these plasmas, such as optical methods [55]

or Langmuir probes [56]. This latter method is an example of the significant number

of works related to the diagnostics of dusty plasma appearing in the scrape-off layer of

the tokamak. This problem, concerning the wall interaction, is one of the main open

questions of plasma physics, as well as those previously cited such as space propulsion

or the comet studies. Those are open questions of this broad discipline of the plasma

science, where Langmuir probes are playing, and will continue to play, an important

role.

1.2 Thesis scope

The present dissertation deals with the operation of Langmuir probes, particularly

emissive probes. The study is devoted to the emission and collection properties of this

type of probes, although the operation of collecting probes is also carried out, as long

as the cold emissive probe can be treated as a collecting one. Building upon prelimi-

nary works related to the dependence of the electron saturation current of the emissive

probes on operation temperature, the approach followed in this effort consists of four

parts: collection, emission, experimental issues of this diagnostic method and finally

the application of the technique to different plasmas.

Chapter 2 contains a presentation of the experimental set-up employed in this disser-

tation.

In Chapter 3, a brief introduction to the state of art of emissive probes is given. The

first part introduces cold emissive probes, which are essentially collecting probes, as

well as the operation of hot emissive probes. Secondly, an experimental comparison

between the most common techniques to measure the plasma potential by means of

emissive probes is included.

We discuss the thermionic electron emission of the probe in Chapter 4. Here, exper-

imental data concerning the emission of the probe either in vacuum or in plasma are

presented. The obtained results depart from the traditional and accepted Richardson-
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Dushman law as the operation temperature rises. A model to explain this phenomenon

is also described, where the Maxwellian distribution function has been replaced by a

modified kappa-distribution function for the electrons emitted by the probe.

Along Chapter 5 we focus on the floating potential method. The obtained empirical

results led us to propose a different probe theory where the electron saturation current

of emissive probes is dependent on the operation temperature for high probe opera-

tion temperatures. Taking this into account, and based on the experimental data of

the probe floating potential, we propose the existence of three regimes of operation of

the probe, depending on the emitted current. The thorough analysis of the floating

potential technique for low density plasmas and the operation modes necessitates the

modification of the classic operation theory. Cross-checking the developed model and

the experimental data, an effective and empirical population is included in the model,

which is thoroughly examined.

The experimental part of this dissertation is described in Chapters 6 and 7. In the

former, a detailed and systematic experimental analysis is made in relation to the ac-

quisition of the floating potential, VF . This parameter is the basis of the diagnostics

technique employed throughout the work and this chapter illustrates how the floating

potential is obtained. Important features in the measurements of VF , such as grounding

or the procedure for obtaining the floating point are widely discussed and significant

conclusions are reached. The latter chapter deals with the experimental evidence of

the operation regimes transition. The presented results concern the emission of the

emissive Langmuir probe, the shifting of the floating potential, the electron saturation

current dependence on the probe temperature and the shape of the I-V curves (espe-

cially the curve resolution).

The proposed operation regimes include a strong emission mode where the probe emits

a very large current of electrons, which can perturb the plasma. This phenomenon is

studied in Chapter 8 where a simple 1-D model for the potential distribution in the

surroundings of the plasma is developed. Within this structure of potential, a virtual

cathode is considered whose presence affects the quantity of electrons able to reach the

plasma bulk. The temperature of the probe is the crucial parameter and the numeri-

cal results support the statement that this virtual cathode appears when the probe is

strongly emissive. Hence, a critical wall temperature is defined, which is the threshold

of this potential minimum existence.

Whereas all the previous chapters are referred to the operation of the Langmuir probes

in classical plasmas formed by electrons and ions, Chapter 9 deals with dusty plas-

mas. A numerical prediction of the applicability of the floating potential technique

is addressed for a plasma formed by electrons, ions and dust grains. The numerical

results are presented and a set of future research lines is presented for an experimental

cross-checking.
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Finally, in Chapter 10, the main results of this dissertation are presented, as well as

the future work of this thesis.
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CHAPTER 2

EXPERIMENTAL SETUP

The empirical part of the present dissertation is related to the operation of the Lang-

muir probes in cold plasmas with low densities. These experiments have been carried

out in the Cold Plasmas Laboratory (http://plasmalab.aero.upm.es) of the Technical

University of Madrid. In this chapter, we will give a description of the experimental

setup, concerning the plasma sources employed for the experiments, as well as a de-

scription of the data acquisition system utilized to obtain the probe I-V curves. Also

included is the range of the principal parameters of the generated plasmas.

2.1 Plasma sources

Two different plasmas have been used during this dissertation. Here we offer a descrip-

tion of the employed plasma sources and the basis of their operation.

2.1.1 Ion thruster

The most common electrostatic thruster is the ion engine, whose operation is based on

the expulsion of plasma to obtain thrust in the opposite direction, [57]. A typical ion

thruster is composed of a discharge chamber, a cathode, a grid system and a neutral-

izer. A scheme of a typical ion thruster is shown in figure 2.1. As illustrated, a primary

plasma is generated inside the discharge chamber by the ionization of neutral atoms by

the electrons emitted from the cathode. In order to improve the thrust levels, neutral

gases with large atomic masses, such as Xenon or Argon, are currently employed. They

are introduced in the discharge chamber by means of a tube or a pipe. The cathode

can be a DC heated metallic filament or a hollow cathode, [58].

The efficiency of the ionization in the discharge chamber of the ion thruster is related

to the confinement of the electrons. A high efficiency is obtained when the electrons

remain confined for a long time before reaching the walls of the chamber. Typically,

9
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a set of permanent magnets is placed around the discharge chamber to confine these

electrons, where different configurations are found, the ring-cusp being one of them.

Once the primary plasma is generated,
Grids System

Magnets

Gas flow

Cathode

Neutralizer

Figure 2.1: Scheme of a typical ion thruster

the ions inside the chamber are extracted

and accelerated by means of a grid sys-

tem. This latter can be composed of two

or three electrodes polarized at different

potentials, preventing the return of the

electrons and favouring the outflow of the

ions from the chamber. A grid is a high

transparent metallic wall, which is elec-

trically biased in order to create an ap-

propriate potential profile to extract and

accelerate the ions. The impulse of the

thruster will depend on both the number

of extracted ions and their exhaust speed.

Usually, beyond the grids, the accumulation of positive charges limits the ion exit be-

cause of the effects of space charge. The action of the neutralizer avoids this unwanted

limitation effect. The neutralizer emits electrons which reduce the local electric field,

allowing the ions to abandon easily the exit section of the thruster. This subsystem is

one of the main parts, because the plasma plume is strongly dependent on the neutral-

izer operation, as shown in references [35,38].

One of the plasma sources employed in this dissertation is the prototype of an ion en-

gine developed in the UPM Cold Plasmas Laboratory, [38]. However, the thruster itself

is not of particular relevance for the present study as we are only interested in it as a

plasma source. This latter works with Argon and it is based on a discharge chamber

with a grid system, whose ion outflow is optimized with a neutralizer. There are two

grids placed very close together. The grid nearer the exit of the thruster will be called

extraction grid (EG). It attracts the ions by means of a bias potential that is negative

with respect to the discharge chamber. The second grid is called the acceleration grid

(AG) and it is biased in such a way that there is a potential difference between both

grids over a very short distance, and hence, the high electric field between the grids

accelerate the ions.

For the range of operation employed in the present work, the cold plasmas provided by

this source have densities around ne = (1013−1014) m−3 with electron temperatures of

Tep = (0.75 − 1.25) eV. The thruster is operated inside a cylindrical vacuum chamber

of 0.8 meters in length and 0.4 in diameter, enlarged with a T-shape section where

a diffusion vacuum pump is fitted. The minimum pressure achieved in the vacuum
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chamber is around 5.0 · 10−7 mbar, although with a gas injection of (0.5 − 1.0) sccm1

of Argon, the background pressure rises to (3.0 − 8.0) · 10−4 mbar.

2.1.2 Glow discharge device

The second plasma employed in the present work is produced by means of a glow dis-

charge. This latter refers to the ionization of a gas between two electrodes, across

which a high electric potential is applied. When the potential is high enough to ionize

the gas, the discharge starts and a discharge current appears between the electrodes,

which can be modified through a ballast resistance R, [15]. In order to generate a glow

discharge, we used the previously mentioned vacuum chamber and an aluminium plate

placed inside. Its diameter and thickness are d = 80 mm and h = 2 mm, respectively,

and therefore, the two electrodes employed are the chamber walls and the plate. The

vacuum tank was filled with Argon, using a gas flow of (0.5 - 1.0) sccm. For this range,

the achieved pressures ranged between p = (1.6− 5.2) · 10−2 mbar. The electric scheme

of the glow discharge used is shown in figure 2.2a, where the power supply creates the

electric potential between the electrodes.

R

Power supply

Plate

Chamber

Plate

(a) Scheme of the glow discharge sys-

tem

(b) Picture of the glow dis-

charge plasma

Figure 2.2: Electrical scheme (a) and picture (b) of the glow discharge.

The characteristic parameters of these plasmas are ne = (1.0 − 5.0) · 1013 m−3 and

Tep = (0.85 − 1.40) eV. The plasma produced by these glow discharges is less stable

compared with that of the ion thruster. However, this allows us to study and to com-

pare the behaviour of the Langmuir probes in plasmas with different ionization ratios.

One interesting feature is that, for this glow discharge plasma, with higher background

pressures, the plasma can be sometimes visualized, as in picture 2.2b.

11 sccm is the acronym of standard cubic centimetres per minute. In the case of Argon, 1 sccm ≃

0.030 mg/s.
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CHAPTER 2. EXPERIMENTAL SETUP

2.2 Langmuir probes

The study of cold plasmas generated by the different sources has been carried out by

two Langmuir probes: one collecting (LP) and the other emissive (ELP), whose char-

acteristics will be discussed later in Chapters 3 and 5. The collecting probe is basically

an electrode with a well-defined symmetry which is immersed in the plasma. The emis-

sive probe is an electrode which emits thermionic electrons when it is strongly heated.

Consequently, the probes are, in short, metallic electrodes in direct contact with plasma

and depending on their bias voltage, Vp, a current, Ip, is drawn through the probe. The

representation of both magnitudes is the so-called I-V or characteristic curve.

Both probes are controlled from a nearby room, where the electronic and data acqui-

sition system are placed. The I-V curves of probes are digitized by means of a fast

sweep system and a digital oscilloscope. The characteristics traces were recorded with

a sampling rate of 80 ns, which means a frequency of about 12.5 MHz, where our data

files contain 125,000 samples per curve. As we are not able to directly measure Ip and

Vp, a resistance, R, is placed in series with the probe. The current drained by the probe

is measured as the voltage drop across this resistance, Vd, by means of Ip = Vd/R. This

small voltage also contributes to the bias potential Vp, in addition to other polarization

potentials, as we will see in the following.

2.2.1 Fast sweep circuit for Langmuir probes

In order to obtain the I-V traces, the probe is electrically polarized at different bias

potentials and the corresponding current collected by the probe is recorded. For this

task, we employed the fast sweep system discussed in reference [59]. In picture 2.3a,

the main components of this sweep system are represented: a variable power supply,

a signal generator, an inverter amplifier with gain GF and the previously mentioned

resistance, R.

The operation of the system is as follows. Firstly, a sawtooth signal is amplified and

later inverted. This output signal is applied to the resistance in series with the Lang-

muir probe. In this way, the current through the resistance is the same as the current

through the probe. Therefore, by measuring the voltage drop across the resistance and

the applied signal to the amplifier, the bias voltage of the probe can be calculated.

Consequently, the representation of (Vp, Ip) constitutes the aforementioned I-V curve.

In one channel of the oscilloscope, denominated CH1, the applied sawtooth signal is

represented. In a second channel, CH2, the scope shows the potential drop across

the resistance. Therefore two time dependent signals are displayed in the screen: the

sawtooth potential and the potential difference through the resistance, which is pro-

portional to the current of the probe. In the picture 2.3b the output of the oscilloscope

is shown with both curves, the yellow trace is the reference signal from the signal gen-

erator and the green one corresponds to the voltage drop through the resistance. As

12



2.2. LANGMUIR PROBES

CH1

+

-
R

Langmuir

probe

Vref

Inverter

amplifier

GF

Signal

generator

Fast sweep circuit

CH2
+

+

(a)

Sawtooth Signal 

Voltage across the R

Limits of the

measurement range

(b)

Figure 2.3: (a) Simplified electric scheme of the fast sweep system and (b) a typical oscilloscope

display. The Vref voltage will be discussed in detail in chapter 6.

the signals are periodic, to obtain an I-V curve it is only necessary one of the falling

edges, indicated by the vertical lines in figure 2.3b. The range between these cursor

lines is the range of potentials used to represent the I-V curve. Finally, it should be

mentioned that we are taking the long scale of the sawtooth signal, with the lowest

slope. The rising flank of the signal is not used because of the associated frequency, as

will be dealt with later.

The data provided by the fast sweep system are simply two time dependent voltage

curves, as in figure 2.3b, from which the current and probe bias potential will be later

calculated. On one hand, the probe bias voltage with respect to the ground will be

the sum of VCH2, the output potential of the amplifier and the reference voltage Vref
which can be changed by means of an additional power supply. This latter introduces

an added DC signal which shifts positively or negatively the sawtooth signal applied

to the probe. On the other hand, the probe current is the same as that crossing the

resistance R, which is the VCH2 potential divided by R. Thus, the expressions to obtain

Vp and Ip are

Vp = −VCH1 ·GF + VCH2 + Vref

Ip = −VCH2/R
(2.1)

As is observed, the sign of the current Ip has been changed because we use the Lang-

muir’s criterion for the current sign, where the electron saturation current is taken as

positive. In figures 2.4 and 2.5 we show the CH1 and CH2 traces obtained by the os-

cilloscope and the corresponding I-V curves, for a collecting and an emissive Langmuir

probe, respectively, by making use of equations (2.1).

Finally, two issues concerning the data acquisition should be stressed. Along this dis-

sertation, the I-V curves for both Langmuir probes have been recorded by using the

average mode of the digital oscilloscope. The signal to noise ratio is reduced by means

of signal averaging. Figure 2.6 highlights the noise reduction in our measurements of

the I-V curves and we will make frequent use of signal averaging in the following.

13



CHAPTER 2. EXPERIMENTAL SETUP

(a) Oscilloscope display (b) Corresponding I-V curve

Figure 2.4: (a) CH1 and CH2 signals for a collecting Langmuir probe and (b) the corresponding

I-V curve obtained using equations (2.1).

(a) Oscilloscope display (b) Corresponding I-V curve

Figure 2.5: (a) CH1 and CH2 signals for an emissive Langmuir probe and (b) the correspond-

ing I-V curve calculated with equations (2.1).

The next point is related to the frequency of the applied signal. The response time of

a plasma is characterized by the electron and ion plasma frequencies, defined as, [60]

fpe,i =
1

2π

√

e2n0
ǫ0me,i

(2.2)

where e is the electron charge, n0 is the plasma density, ǫ0 is the vacuum permittivity

and me,i are the electron and ion masses, respectively. For our plasmas, these frequen-

cies are ranged between fpe = (30− 90) MHz and fpi = (100 − 300) kHz.

Therefore, in order to obtain a true I-V curve, the plasma species need to be driven

by the sawtooth signal applied to the probe. Consequently, this signal needs to have a

frequency fsw well below the ion and electron plasma frequencies. Under this condition,

both plasma species respond to the applied voltage signal.

14



2.2. LANGMUIR PROBES

(a) I-V curves for Tw = 300 K (b) I-V curves for Tw = 2165 K

Figure 2.6: I-V curves of an emissive probe. The blue dots include all the points recorded by

the oscilloscope, and the red trace results from data averaging.

In conclusion, the chosen frequency for the applied sawtooth signal is fsw = 200 Hz,

where fsw ≪ fpe,i. These arguments also explain why the rising flank is neglected: the

involved time scale could be affected by the characteristic times for electron and ion

motions, [43, 59].

2.2.2 Langmuir probe mobile platform

For the plasma generated by the ion thruster, as presented in the scheme of figure

2.7a, the collecting and emissive probes were mounted together over a sliding platform.

This latter was placed in front of the exit of the thruster, in a fixed position along the

axis. A simplified scheme is shown in figure 2.7a, where it is seen that the probes were

located far enough from the exit, z ≃ 20 cm, to consider the plasma to be in equilibrium.

Ion thruster

(a) Ion thruster plasma scheme (b) Glow discharge plasma scheme

Figure 2.7: The two experimental setups for the Langmuir probe measurements used in this

dissertation.

For the glow discharge plasma, the probes platform was placed well away from both

electrodes, approximately at the middle point between the vacuum chamber walls and

the plate. This location corresponds to the positive column of the spherical glow dis-

charge, [15]. The scheme of this experimental setup can be seen in figure 2.7b.
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CHAPTER 2. EXPERIMENTAL SETUP

Both Langmuir probes were displaced inside

Figure 2.8: Mobile probe platform pic-

ture.

the vacuum chamber on the mobile platform,

presented in figure 2.8. This allows us to place

and move the Langmuir probes along the axis

of the chamber. This was important in or-

der to locate the probes far from the plasma

source, for example the exit section of the

ion thruster, to ensure the quasi-neutrality

plasma condition. Besides, the probes were

placed over this platform close enough to con-

sider that the respective measurements cor-

responds to the same point (and, hence, the

plasma parameters should be the same), but far enough in order not to perturb the

measurements of the nearby probe. The distance between the probes was l = 1.6 cm

and we assumed that the local properties of the plasma were practically uniform along

these small distances. This assumption let us to cross-check the measurements of both

probes.

(a) Ion thruster plasma (b) Glow discharge plasma

Figure 2.9: I-V curves for a collecting probe for different plasmas. In each figure, the I-V

traces have been obtained under the same plasma conditions, when the emissive probe is emitting

(red curve) and when it is not (blue curve). Red and blue curves superimpose for each situation.

In order to assess the mutual interferences between the probes, the I-V curves were

obtained for a collecting probe, when the ELP was not emitting and when it emitted a

significant number of electrons. This emission might perturb the surrounding plasma,

disturbing the LP readings. In figure 2.9 we present these experimental results. The

first figure was obtained by an emissive probe working in the plume of the ion thruster,

while the second one was obtained in a glow discharge. Concerning figure 2.9b, the

employed plasma was a glow discharge and it was less stable, as we mentioned before.

This low stability is evidenced by the peaks and sparks that appear in the traces, which

nevertheless appear superposed.

It can be deduced that there is no difference between red and blue curves for both fig-
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2.3. PLASMA HYPOTHESIS

ures: the curves superimpose. This means the plasma nearby the collecting probe was

unaffected by the large electron emission of the ELP . Moreover, for the glow discharge,

in spite of the instabilities along the I-V curve, it is observed that the red and blue

points match. This experimental evidence supports the hypothesis that measurements

with both probes were non-perturbed. Even so, during this work the measurements of

the collecting probe were taking with ELP off.

2.3 Plasma hypothesis

A key feature of plasma diagnostic procedures is to minimize any disturbances in the

medium. For Langmuir probes, this concerns the relation between the characteristics

lengths involved, such as the radius of the probe, rp, the Debye length of the plasma

λD, the sheath length xs and the plasma characteristic size, L, [6].

In the simplest models, Langmuir probes work under the hypothesis that the sheath

around the electrode, with a typical thickness of few Debye lengths, λD, is narrow

enough to avoid the trapping of orbiting particles. For this, it is required that λD ≪ r,

where r is the characteristic size of the probe. Furthermore, the condition λD ≪ r

implies that the collection surface is approximately equal to the probe surface. On the

other hand, in order to accept that the measurement of the probe is local, r should

be much smaller than the plasma characteristics size, L. Finally, to apply the classic

probe theory, the plasma where the probe is immersed is assumed non-collisional, [61].

All these conditions are accomplished in our plasmas, as can be inferred from table 2.1.

Hence, the probes are very small compared to the characteristic length of our vacuum

chamber and consequently, the measurements can be assumed as local.

Parameter Value

Collecting probe radius, r 0.44 cm

Emissive probe radius 0.08 cm

Emissive probe length (1.0 − 2.5) cm

Plasma characteristic length, L 80 cm

Table 2.1: Main characteristics lengths of our experimental setup.

A second table 2.2 is also included to show that collisions between particles can be

neglected. From this, it can be extracted that the electron Debye lengths of the em-

ployed plasmas are smaller than both probe surfaces, and therefore, the sheath can

be neglected, taking the collecting area as the probe surface. It is also seen that our

plasmas are weakly ionized, since the ionization ratio α is much lower than unity.
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CHAPTER 2. EXPERIMENTAL SETUP

Parameter Ion thruster Glow discharge

Electron Debye length (0.06 − 0.26) cm (0.10 − 0.28) cm

Neutral atom density (7.0 − 19.0) · 1019 m−3 (4.0 − 13.0) · 1020 m−3

Ionization ratio α = (10−5 − 10−7) α = (10−7 − 10−8)

Ion plasma frequency, fpi (105 − 332) kHz (105 − 235) kHz

Electron plasma frequency, fpe (28− 90) MHz (28− 63) MHz

Table 2.2: Parameters of our plasmas.
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CHAPTER 3

OPERATION OF EMISSIVE LANGMUIR PROBES

As pointed out in chapter 1, diagnostics is one of the main branches of plasma physics

and there are a significant number of techniques for this purpose, Langmuir probes

being one of them. Two typical collecting and emissive Langmuir probes used in the

experiments discussed in this dissertation are presented in figure 3.1.

As mentioned previously, the collecting Langmuir probe con-

Figure 3.1: Collect-

ing (left) and emis-

sive (right) Langmuir

probes.

sists of an electrode with different geometries (spherical, cylin-

drical or plane) which is electrically polarized when it is im-

mersed in plasma. The spherical collecting probe of figure 3.1

is made of stainless steel and its diameter is Φ = 4.38 mm. The

emissive Langmuir probe is commonly a thin metallic filament

heated by a DC current operating at high enough tempera-

tures to produce thermionic emission of electrons. It can be

said that the emissive probe could be regarded as an active

collecting probe, because it emits electrons at the same time

as it collects/rejects particles.

A current Ip, which depends on its bias voltage Vp, is driven

through the probe when it is exposed to the plasma. From

the graphical representation of these pairs of values (current-

voltage, Ip-Vp), the plasma parameters can be calculated, [16, 62]. This requires a

physical model of the charge collection processes as well as a critical hypothesis regard-

ing the energy distribution functions of the particles, as mentioned in chapter 1.

The plasma density, n0, the electron temperature, Tep, and the potential distribution,

described by the different values of the local plasma potential, Vsp, characterize the

state of the plasma. Under the assumption of a local Maxwellian distribution for the

plasma species, a simplified theory, [7,8], can be used to obtain these parameters from

I-V curves, [15, 63].
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The I-V curves might be also useful for obtaining the electron energy distribution func-

tion by differentiation, [64, 65], even when different electron or ion populations are

present [62, 66]. The interpretation of the experimental data becomes cumbersome in

the presence of charged particle groups with different average energies. Each charged

particle population contributes to the current Ip(Vp) according to its energy spectrum,

and the I-V curves depart from the classical (Maxwellian) case. In most cases, an inde-

pendent measurement of the plasma potential Vsp is needed to determine the electron

energy distribution function and emissive probes are usually employed for this pur-

pose, [15].

Although ELPs do not measure directly the plasma temperature or density, they yield

more accurate measurements of the plasma potential, [25]. Therefore, for the deter-

mination of the local plasma potential, emissive probes are more commonly employed

than collecting ones. This is supported by the significant number of works concerning

the operation of ELP in different plasmas such as in tokamaks, [26, 29, 67], plasmas

with potential fluctuations [68, 69], multidipole chambers [24], sheaths [70] or electric

thrusters [34,71].

In spite of this widespread use, there are some open questions concerning the ELP

technique such as the dependence of the electron saturation current on the probe op-

eration temperature. We deal with the performance of these probes in the present

chapter as well as in chapter 5. Nevertheless, we address the reader to reference [25]

for a comprehensive review of ELP diagnostics.

3.1 Cold emissive Langmuir probe

Although this dissertation is focused on the operation of an emissive Langmuir probe,

it is worth discussing the operation of a cold probe in order to frame the problem. For

low operation temperatures, the emissive probe basically acts as a collecting Langmuir

probe because of its negligible thermionic electron emission. Therefore, we consider

that the cold emissive probe is not, strictly speaking, an emissive Langmuir probe:

the probe emits levels of electrons similar to collecting probes (LP). In this case, the

current drained from the plasma results mainly from the interplay of the attracted and

plasma charge species. Consequently, we deem it appropriate to recall the basis of the

collecting Langmuir probe in cold Maxwellian plasmas.

The LP collects particles from the plasma depending on its bias potential, Vp. For

Vp < Vsp, being Vsp the plasma potential, the ions are attracted and the plasma electrons

are rejected, [12]. When Vp ≪ Vsp, a large number of ions are attracted and no more

electrons are collected. The ion collection current can be approximated by [26]

Ici = nie

√

ekB(Tep + Ti)

mi
× S (3.1)
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where S is the probe surface, e and kB are the electron charge and the Boltzmann

constant, mi is the ion mass and n0 and Tep are the plasma density and the electron

temperature, respectively. The ion temperature Ti is usually much smaller than the

electron temperature and therefore Ti ≪ Tep.

In the opposite situation, when Vp > Vsp, electrons are attracted while ions are rejected.

The probe current saturates up to a maximum value denominated electron saturation

current, Ies. This current depends on the geometry of the probe, as thoroughly dis-

cussed in references [12] and [62]. For a plane probe immersed into an ideal Maxwellian

plasma, Ies is independent of the probe bias and it can be described by the random

thermal current, [17, 62]:

Ice =
1

4
e n0 vth × S ≡ Ies (3.2)

where vth is the electron thermal velocity vth =
√

8kBTep/πme, [26].

When the bias potential is close to and below the plasma potential, Vp < Vsp, the

potential barrier between the probe and the plasma bulk can be overcome by high-

energy plasma electrons. This electron current collected by the probe [62] is calculated

as

Ice = Ies exp

(

−
e(Vsp − Vp)

kBTep

)

(3.3)

where Ies is the electron saturation current. Therefore, the total current for Vp < Vsp
is the sum of the attracted ions Ici and the collected electrons Ice. These two currents

have opposite signs due to the charge signs. This part of the I-V curve is commonly

denoted as retarded field or transition region.

Following the Langmuir criterion for the currents, the current to a collecting probe

might be approximated by

Ip =











−Ici if Vp ≪ Vsp

Ies exp
(

−
e(Vsp−Vp)
kBTep

)

+ Ici if Vp < Vsp
1
4 e n0 vth × S if Vp > Vsp

(3.4)

For the retarded field region, it is found

ln (Ip − Ici) = ln Ies +
e (Vp − Vsp)

kBTep
(3.5)

Consequently, the electron temperature can be obtained from an I-V curve by sub-

tracting Ici from the total current and representing current versus bias potential on a

logarithm scale. The slope of this I-V curve provides the inverse of the electron tem-

perature, expressed in electronvolts, as shown in figure 3.2a. For the plasma potential

value, there is a change in the behaviour of the probe, as seen from equations (3.4).

Thus, a knee appears in the I-V curve, [72]. It is considered that the plasma potential
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is indicated by this knee. This transition point is not so abrupt as in figure 3.2a, but

for experimental I-V curves (figure 3.2b) the knee is rounded thereby complicating the

determination of Vsp.

Probe voltage, Vp

Vsp

L
n

 (
I p

 -
 I

c
i)

Ln (Ies)

e
kBTe

(a) Logarithm representation of an ideal

I-V curve.

(b) Logarithm representation of an experi-

mental I-V curve

Figure 3.2: Theoretical and experimental I-V curves for a collecting probe.

The poor signal-to-noise ratio of the I-V curve for low probe currents is also evidenced

in figure 3.2b. The width of the I-V trace for this range of currents is a source of errors

in the determination of the slope for the retarded field region. Therefore, the results

can affect the intersection point with the electron saturation current slope and result in

a misleading value of Vsp. Indeed, figure 3.2b also illustrates the problem of measuring

small probe currents, Ip, in low density plasmas. As appreciated here, very low currents

(Ip ≃ 10−6 − 10−7 A) are involved, which are close to the noise value of the electrical

devices. As a consequence, although the theory for extracting the plasma parameters

with a collecting probe is basically simple, from the experimental point of view, there

are important features which make cumbersome the obtaining of accurate results. For

this reason, the emissive probe is more appropriate for the determination of the plasma

potential in cold low density plasmas.

3.2 Hot emissive Langmuir probe

Let us consider now an emissive probe operating in an unmagnetized Maxwellian plasma

in equilibrium, where the electron and ion densities are ne ≃ ni and the temperatures

of charged species are kBTep ≫ kBTi.

As for collecting probes, for probe bias potentials Vp below the plasma potential,

Vp < Vsp, the Maxwellian electrons from the plasma are repelled and only a frac-

tion of electrons with energy E ≥ e (Vsp−Vp) reach the surface of the probe, [26,62,66].

Therefore, the electron current produced by those electrons which overcome the poten-

tial difference between the plasma and the probe is given by the expression (3.3).
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3.2. HOT EMISSIVE LANGMUIR PROBE

Assuming that the space-charge effects due to the thermionic electron emission are

negligible, we can consider that the emitted current does not affect the collected current

of ions and electrons. Hence, for Vp < Vsp and high probe temperatures Tw, an emitted

electron current Ird(Tw), superimposes on the passive collection of electrons. This

electron emission flux rises with Tw and it is given by the classical Richardson-Dushman

expression, [73]:

Ird(Tw) = CT 2
w exp

(

−
eWf

kBTw

)

× S (3.6)

where S is the probe surface, C is the Richardson constant depending on the probe

material, Wf is the work function of the probe metal and Tw is the operation temper-

ature of the probe (wire temperature). The theoretical work function of tungsten is

approximated by Wf ≃ 4.55 eV and its constant is taken as C = 6.02 · 105 A/m2K2 for

the following calculations, [74].

A typical experimental I-V curve of a hot emissive Langmuir probe is shown in figure

3.3, where an appreciable thermionic electron current appears as an effective ion col-

lected current on the left side of the I-V curve. This emission current is superposed

on the cold characteristic curve discussed in the previous section. In this figure, the

floating potential corresponds to the zero net current drawn by the probe.

Therefore, for negligible space-charge ef-

Retarded field

Floating potential

Emission current

region

Tw = 2220 K

Figure 3.3: Experimental I-V curve of an

emissive Langmuir probe for a high probe op-

eration temperature (Tw = 2220 K). The main

parts of the characteristic curve are indicated.

fects, the total probe current for a given

bias Vp < Vsp is

Itotal = Ice − Ird(Tw)− Ici (3.7)

Because of the low ion temperature, Ti ≪

Tep, the attracted Ici current of heavy

ions is much smaller, |Ici| ≪ |Ice|, than

that of electrons. Under these assump-

tions, for Vp ≪ Vsp the ion collection cur-

rent could be approximated by the ion

saturation current, presented previously

in equation (3.1). Concerning the col-

lected electron current, Ice, it can be ex-

pressed as for the collecting probe in equa-

tion (3.3). Consequently,

Itotal = Ies exp

(

e(Vp − Vsp)

kBTep

)

− Ird(Tw)− Ici (3.8)

For the condition of floating potential, Vp = VF , in which the current along the probe

is zero (Ip(VF ) = 0), the previous expression reads
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VF (Tw)− Vsp =
kBTep
e

ln

(

Ird(Tw) + Ici
Ies

)

=
kBTep
e

ln

(

jrd(Tw) + jci
jes

)

(3.9)

where it has been assumed that the emission and collection surfaces of the probe are

equal. The increment in the temperature Tw of the emissive probe makes the electron

emission current jrd(Tw) becomes larger and this reduces the difference VF (Tw)− Vsp,

[13,18,19,26]. When the probe is hot enough jrd(Tw) ≃ jco and therefore VF (Tw)−Vsp ≃

0, because of |jrd(Tw)|, |jes| ≫ |jci|. In this situation, the floating potential of the emis-

sive probe becomes close to VF (Tw). This will be further discussed in chapter 5, where

the study of the dependence VF (Tw) shall be again addressed.

For positive bias potential Vp > Vsp the role of electrons and ions reverse. The ions

are rejected and the current density of attracted electrons jce = C g(Vsp − Vp), relies

on their orbital motion and the collecting wire geometry, [62]. The deduction of the

explicit expression for g(Vsp−Vp) is not necessary for the discussion in chapter 5. This

latter concerns the study of equation (3.9), which is only valid for probe potentials

below the plasma potential, Vp < Vsp.

3.3 Design and construction of an emissive Langmuir probe

The conventional emissive Langmuir probe consists of a metallic filament heated by

means of an electric current, [9, 13, 75]. In the present dissertation, we have used this

basic design, shown in figure 3.4.

Our emissive probes consist of an insulating ce-

Metallic wire

Isolating 

Stainless 
steel tubes

(tungsten)

ceramic

Figure 3.4: Scheme of a conven-

tional wire emissive Langmuir probe

ramic tube whose length is 50 mm and diameter

is 9 mm. The ceramic tubes has two cylindrical

bores, inside which two tubes of stainless steel are

introduced. In one of the ends, two connectors are

mechanically adapted to the tubes. A single tung-

sten filament is passed through the tubes, joining

both tubes with a loop. This latter is placed in

the opposite ends of the mechanical connectors.

Finally, the connectors are linked to the exter-

nal power supply in order to heat the tungsten

wire.

This process does not require spot welding and it allows the wire to be easily replaced.

This feature permits us to control and study different probe materials and lengths. In

our case, the selected material for our probes is tungsten due to its high melting point

(T ≃ 3700 K). However, as we shall see, the length of the wires was changed to study

different issues related to the probe operation. The length of the ELP in the measure-

ments of this study ranged between l = 17 − 22 mm, whereas the wire diameter of all
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3.3. DESIGN AND CONSTRUCTION OF AN EMISSIVE LANGMUIR PROBE

the probes was ø= 0.08 mm.

One of the most important features of our measurements is the possibility of relating

the heating current to the probe temperature, Tw. This is the physical magnitude

which controls the emission of the probe and allows characterization of the electron

thermionic emission and consequently, the understanding of the ELP operation. In

appendix A, it is discussed how the temperature of the filament is obtained through

the probe heating current, using the experimental data from reference [76].

As will be discussed later, our probes are evaporating as they are operated. This affects

the lifetime and the actual temperature of the probe, because, if the wire is thinner

the probe temperature rises, as equation (A.1) reads in appendix A. The uncontrolled

evaporation and the consequent lack of accuracy in the determination of the probe

temperature constitute a disadvantage of the wire emissive probes. Additional prob-

lems related to these emissive wire probes have been pointed out by many authors,

such as the distribution of potential along the length of the wire and the temperature

distribution across the filament, [63,66,75].

More sophisticated designs of emissive probes are, for example, the laser-heated emis-

sive probe described in reference [63], which avoids wire diameter reduction or voltage

distribution along the probe length. Basically, these probes consist of pieces of graphite

or LaB6 heated by an infrared laser up to thermionic emission. These probes can be ra-

dially moved, [77], and they are especially useful for high density plasmas, as indicated

in reference [66]. These probes are within the so-called probes with indirect heating

group, as those proposed in [78], where the electrical heating circuit is isolated from

the emitter surface.

Finally, alternative designs, such as capacitive or self-emitting probes, are appropriate

for plasmas with high densities and temperatures, where the required probe electron

emission to compensate the thermal electron current is considerably high, [66]. These

self-emitting probes do not have a heating circuit, but are warmed by the plasma itself,

as discussed in detail in reference [79]. Nevertheless, these alternative probes are not

useful for our low density and cold plasmas.

In conclusion, the emissive wire probes are employed for the experimental part of this

dissertation, because of the simplicity of their construction and operation. However,

we are aware of the aforementioned problems, such as the unknown effective surface of

the probe and relative uncertainty concerning the temperature determination, which

have to be solved in the future.
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3.4 Current techniques to measure the plasma potential

In this section the main current techniques to measure the plasma potential by means

of emissive Langmuir probes are briefly presented, in order to compare them with the

floating potential technique. Among the following methods, they are found the sepa-

ration technique described by Chen [12] and the inflection point described by Smith

et al, [14]. The reference [25] is a comprehensive review of the plasma potential mea-

surement with emissive probes and we refer the reader to that work. However, here

we compare the results of the plasma potential measurement by means of the three

previous techniques, for our low density plasmas.

3.4.1 Separation method

In a collecting Langmuir probe, or in a cold emissive probe, the collected ion current

is very low with respect to the collected electron current. This is different for a hot

emissive probe. In this case, the thermionic emission is high enough and there is a

substantial difference between the negative part of the traces of cold and hot emissive

probe I-V characteristics. This point constitutes the basis of the separation method, [12]

and [80], which consists of a technique to measure the plasma potential by means of

the I-V curves of an emissive probe operating at two different temperatures. These

authors suggested that the I-V curves of hot and cold probes separate at the plasma

potential value.

The separation point is illustrated in figure 3.5, where two empirical I-V curves of

the same emissive probe operating in the same plasma are presented. The blue curve

corresponds to the cold probe while the red curve shows the data of the hot probe.

As is seen, the separation point is clearly identified, near Vp = 36 V, which could be

considered as the plasma potential. This is the first result of our comparative study of

the three techniques of diagnostics.

However, there are some controversial points related to this technique. Firstly, the elec-

tron saturation current depends on the operation temperature, [18, 19], and then, the

use of this technique would require a normalization of all the curves, which equates to a

huge data task. Secondly, this technique assumes that the emission of an emissive probe

is described by a step-function, considering the emission current is jrd for potentials

below the plasma potential and zero for potentials higher than the plasma potential.

A significant number of works tackled this question, considering aspects such as the

space charge effect of the emission, [81]. Finally, in the work [25], where a detailed

comparison of the techniques was carried out, it is also considered that this method

provides values of plasma potential that are not compatible with those provided by

other techniques.
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Figure 3.5: Separation technique to determine the plasma potential. The cold and hot probes

separate from each other at approximately Vp = 36 V, which could be considered the plasma

potential.

3.4.2 Inflection point method

Another technique for the determination of the plasma potential is the inflection point

method. The basis of this technique was presented in reference [14] and, for complete-

ness, it is briefly discussed here. As can be seen from the equations which describe the

operation of an emissive Langmuir, there is an abrupt change in the physical mecha-

nisms of operation of the probe when the bias potential overcomes the plasma potential.

This change is reflected in the equations and when it is calculated the derivative of the

curve of the emissive probe, a sharp peak appears at the plasma potential point. This

is what Smith et al. called the inflection point.

The inflection point for different emission values provides the plasma potential in the

limit of zero emission. However, such low levels of electron emission are our main objec-

tions for this technique. For our plasmas and our experimental setup, the experimental

I-V curves of cold emissive probes are noisy. This makes difficult the derivation of the

curves, as can be seen in figure 3.6. In this figure, the curves corresponding to different

probe temperatures superpose and they are hard to distinguish. This implies that, in

our case, the inflection point method can be affected by a large error caused by this

experimental noise. In spite of this fact, we present here the results of applying the

inflection point technique to some experimental I-V curves for low temperatures, illus-

trated in graph 3.7. The corresponding derivative curves are presented in figure 3.8.

These data show how difficult the identification of the inflection point is for our plasmas.

As can be deduced from the graphs in figure 3.8, the maximum of the derivative curves

is hardly identified, especially for the lowest temperatures of the probe. As seen in

these figures, the resolution does not allow to distinguish the inflection point and we

cannot apply the aforementioned technique. Consequently, this technique is not very

accurate in our low density cold plasmas, where the involved currents are so small that

the signal to noise ratio might be extremely poor.
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(a) First data series (b) Second data series

Figure 3.6: Experimental I-V curves for a cold emissive Langmuir probe. The cold (blue) and

hot (red) probe curves superpose and cannot be distinguished.

Figure 3.7: Experimental I-V curves for a emissive probe operating at low temperatures.

3.4.3 Floating potential method

Finally, in order to have a complete view of the different techniques to determine

the plasma potential, we applied the floating potential method. Undoubtedly, this

is the most popular technique for determining plasma potential. The floating poten-

tial method was described in [13] and it is based on the assumption that the floating

potential approaches the plasma potential as the operation temperature of the probe

increases, as mentioned in section 3.2, by means of equation (3.9). In figure 3.9 the

direct measurements of the floating potential of the emissive probe are plotted for dif-

ferent operation temperatures. It can be seen how the dependence of VF on the probe

temperature is the one expected, and it is in accordance with the results shown in

section 3.2.

The simplicity of the basis and the procedure of this method makes it the most used in
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(a) Ih,em = 0.55A (b) Ih,em = 0.60A

(c) Ih,em = 0.65A (d) Ih,em = 0.70A

(e) Ih,em = 0.75A (f) Ih,em = 0.80A

Figure 3.8: Numerical derivative of the I-V curves of figure 3.7.

different plasmas and with different types of emissive probes such as heated wires [82]

or laser-heated probes [63], as well as for obtaining complicated measurements as [28].

In addition, as mentioned in reference [13], this technique is appropriate for plasmas

with densities that range from ne = (1011−1018) m−3, within which range our plasmas

are included. This statement is also considered in reference [6], where it is pointed out

that this technique is more suitable for plasmas with low densities and temperatures,

conditions accomplished by the plasmas we deal with (described in chapter 2).
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Figure 3.9: Experimental values of the emissive probe floating potential for different probe

temperatures. We can consider the saturation point of the curve, around VF = 43 V, to be the

plasma potential.

Nevertheless, we should stress that equation (3.9) was obtained without regard to the

space charge effects. When these factors are taken into account, the deviation from the

Vsp value is approximately a few volts on the order of kBTep/e, [26, 62, 83]. However,

this shift between VF and Vsp is still an open question, as indicated in reference [67],

where it is also mentioned that for laser-heated probes, this deviation is not notice-

able. In our case, making use of the parameters of the cold plasmas we deal with,

the ratio kBTep/e is below 1.5 V and hence, we conclude that the space charge ef-

fects can be neglected. As a consequence, we are in position to consider that, in our

case, the floating potential saturation point is a good indicator for the plasma potential.

3.4.4 Results comparison

The inflection point has not been employed to obtain Vsp due to the poor resolution

of the derivative curves (figures 3.7 and 3.8). In our experimental results, the distinc-

tion between I-V traces for low temperature is difficult and the following derivation of

them gives hard curves to determine the maximum point, becoming a not very accu-

rate technique for our cold plasmas. Additionally, Chen’s separation point has different

controversial points due to the non-consideration of the spatial charge effects, and we

will not use this technique. Consequently, we will use the floating potential technique

to determine the plasma potential for some factors as the simplicity and the good ac-

curacy for our plasmas.
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CHAPTER 4

ELECTRON EMISSION OF AN EMISSIVE

LANGMUIR PROBE

The main difference between the collecting and the emissive probe is that the latter is

able to emit electrons when it is operated at high probe temperatures, Tw. Therefore,

it is mandatory to address the electron emission of the emissive probe. As seen in the

previous chapter, the traditional theory considers that the emission of an ELP follows

the Richardson-Dushman (RD) law, [15, 62, 84]. However, the high temperatures in-

volved in the operation of the probe and the strong assumptions made for obtaining

the RD expression lead us to question the accepted theory.

For this, a set of experiments have been carried out with an emissive Langmuir probe

working in vacuum and immersed in plasma. The corresponding I-V curves have been

analysed in the present chapter to extract information about the emission of the probe,

making use of the ion saturation part of the characteristics.

The chapter is developed as follows. Firstly, we present the results of the probe operat-

ing in vacuum. The same procedure has been repeated for an emissive probe working in

plasma in the second part of the chapter. The results of both sets of experiments show

a surprising higher emission than the expected RD expression. Finally, a model for the

emitted electrons is discussed at the end of the chapter to justify, from the theoretical

point, this experimental high-emission mode.

4.1 Probe operation in the vacuum

First of all, the emissive Langmuir probe was operated inside our vacuum chamber and

the corresponding I-V traces were analysed. For Vp < Vsp, the electrons emitted by the

probe produce a current, denoted by Iem. The I-V trace of an emissive probe operating

in vacuum is an special I-V curve, because there are no plasma particles to collect and

the only particles involved are the electrons emitted by the probe. In this case, the

part of the I-V curve for very negative potentials is only due to the contribution of the
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emitted electrons. Consequently, in vacuum, the value of this negative part of the I-V

curve gives directly the emitted current Iem.

In figure 4.1 a set of emissive probe I-V curves for different Tw, when the probe is

working in vacuum, are presented. This problem is similar to the case of a vacuum

diode, [85], [86], where the chamber walls (grounded) are the anode and the emissive

probe is the cathode. However, it is not exactly the same situation due to here there

is no one-dimensional plane geometry, the cathode is not an emitting plane but acts as

a punctual source of electrons.

Figure 4.1: Filtered I-V curves of an emissive probe working at vacuum, for different wire

temperatures.

The I-V traces of figure 4.1 have been filtered by a numerical program in order to re-

duce the level of noise and the further error propagation. The zero electron saturation

current of the I-V curves from figure 4.1 is an evidence from the absence of plasma

particles. Considering that the emitted electrons obey an energy distribution function,

some of them are high-energy electrons capable of overcoming the potential barrier

between the vacuum potential and the probe surface. These electrons return to the

probe. The part of the retarded field of the I-V curve (mentioned in chapter 3) is due

to those emitted electrons that reach the wire. As the probe is biased more negatively

regarding the plasma potential, less electrons are collected by the probe until a flat

curve is reached.

From these curves it is apparent that the emission does not appear as a step function.

Space charge effects are present in the curves of figure 4.1, where the space-charge lim-

ited current and the temperature limited current can be identified, [83], [86]. We will

call these parts of the I-V curve as S-part and T-part, respectively, by following the

reference [83]. In the S-region, the emission current is limited by spatial charge effects

and in the T-region, the emission current obeys the RD law. In this latter region, all

the electrons emitted by the probe reach the vacuum, crossing the space charge. How-

ever, in the space-charge limited current the emitted electrons cannot pass through the

potential distribution near the probe and they do not reach the vacuum. Therefore,
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the curves of figure 4.1 present these two parts: the retarded field region corresponds

to the S-part, while the flat part is related to the T-region.

In figure 4.1, three evidences account for the effect of the space charge due to a high

emission of the probe. Firstly, only when the bias voltage of the probe is negative

enough, the emitted electrons can leave the probe, and hence, the emission of electrons

by the probe can be seen as free emission. This free emission can be extracted from

the I-V traces of figure 4.1 at the left part (the T-region mentioned before), where the

curve becomes flat. Therefore, to study the emission of the probe, we will deal with

the probe current values corresponding to this part of the I-V curve.

On the other hand, the retarded field region is not the same for all temperatures of

figure 4.1. While for low temperatures of the probe, the retarded field region appears

for a potential interval of ≃ 8− 10 V, for the highest temperature, the voltages corre-

sponding to this region range approximately ≃ 20 V, in particular, between (−78,−60)

V. This feature can be understood by considering that there exists an effective sphere

formed around the probe by the emitted electrons (it will be deeply discussed later).

This volume is formed by those electrons without energy enough to leave the probe. As

the temperature rises, the emitted electrons inside the volume have a broader energy

distribution function. This means there are emitted electrons whose energies comprise

a wider range of energies, i.e., a wider interval of potentials. Because of this, the po-

tential range involved in the retarded field region for the highest temperatures is wider

than for the lowest Tw.

The latter evidence is also related to the retarded field region of the curve. The transi-

tion region of the curves from figure 4.1 presents a shift to negative potentials for high

operation temperatures. Taking into account the most positive part of the I-V traces, it

can be seen how the transition region starts at more negative potentials for higher Tw.

For example, it is close to Vp ≃ −60 V for Tw = 2195 K, but it is around Vp ≃ −52 V

for Tw = 2140 K. This can be also explained by means of the emitted electrons sphere.

This effective volume is constituted by the emitted electrons, thus, as the emission

grows, the amount of electrons inside the virtual sphere increases. Consequently, the

effective potential of this cloud of electrons for high emission is more negative than for

low emissions, because more electrons are contributing to the electric field.

It is interesting to realise that this behaviour is not included in the traditional the-

ory discussed in chapter 3. There, the emission was independent of Vp as the space

charge effects were neglected. However, here the emission of the probe (identified by

the negative values of the probe current) is not a step function as seen from the differ-

ent retarded fields of the I-V curves. This means that, for the vacuum case, the space

charge effects are important and should not be neglected. This fact is experimentally

observed by the representation of the displacement of the emission knee for different

probe temperatures, as in figure 4.2. This magnitude Vknee is defined as the probe

bias potential when free emission of electrons starts. This means, the maximum poten-
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tial of probe bias until emission is free. For more positive potentials than this value,

Vp > Vknee, the retarded field part of the I-V curve starts. The emission knee probe

potentials from figure 4.1 are represented in 4.2. From the figure, it is deduced that as

the temperature of the probe increases, the Vknee of the probe shifts to more negative

potentials, supporting our idea of an emitted electron sphere in the surrounding of

the probe. All these results indicate that the space charge effects are involved in the

emission of the probe, as referred in references as [30,81,83].

Figure 4.2: Corresponding knee potential values of the curves presented in figure 4.1.

Our mentioned experimental results support our procedure: we are really observing

the emission of the probe, and therefore, we can make use of the previous results by

considering them to be the emitted current. Consequently, the values of Ip when the

probe is very negatively biased can be considered as the emitted current Iem.

We are now in position to study the emission of the probe. In the light of the above

analysis, the emitted current Iem is given by the value of Ip for a very negative biased

probe. Hence, the values of the emitted current Iem(Tw) can be extracted and compared

to the corresponding Richardson-Dushman currents Ird(Tw), given by equation (3.6),

which we reproduce here again:

Ird = C T 2
w exp

(

−
eWf

kBTw

)

× S

Now, the best magnitude to compare in the experimental and the theoretical cases

would be the current density, j(Tw), instead of the current, I(Tw), because it is inde-

pendent on the probe surface. As mentioned before, due to the continuous operation

of the probe and uncontrollable experimental facts, the probe surface is out of control.

This poses a problem concerning the comparison between the experimental data of Ip
and the Richardson-Dushman theoretical values, Ird. However, the problem is circum-

vented by the normalization of the values. The minimum value of the probe current,

Ip,min, is taken as the normalization constant and all the Ip values are divided by this

term. At the same time, the Tw corresponding to this minimum value is used to obtain

the normalization constant jrd,min, by equation (3.6) and taking into account j = I/S.
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All the theoretical values of Richardson-Dushman current density, jrd, are divided by

this term. Thus, the experimental values of the l.h.s. of equation (4.1) are compared

with the theoretical values of the r.h.s. of equation (4.2).

Iem(Tw)

Iem(Tw,min)
=

jem(Tw)

jem(Tw,min)
(4.1)

Ird(Tw)

Ird(Tw,min)
=

jrd(Tw)

jrd(Tw,min)
(4.2)

Consequently, the comparison between experimental and theoretical values can now be

done and the problem of the surface is solved. However, it is worthwhile to recall the

assumption made here: i.e. that the surface of the probe changes slowly during the

probe operation run.

Figure 4.3: Normalized emitted currents for the experimental data obtained from the I-V

curves of figure 4.1. The red points are the corresponding values of the normalized emitted

currents of Richardson-Dushman (RD) currents, using equation (3.6).

In figure 4.3 the values of the current ratio corresponding to the curves of figure 4.1 are

plotted. The procedure followed has been the one described previously. Firstly, from

the I-V traces, the data (Tw, Iem) have been extracted. After this, making use of the

equation of RD (3.6), the corresponding theoretical values of the emitted current Iem to

the employed Tw have been calculated. Finally, with these values, taking the minimum

operation temperature Tw,min, the ratio is calculated (Tw, Iem(Tw)/Iem(Tw,min)) and

compared to (Tw, Ird(Tw)/Ird(Tw,min)) in figure 4.3.

From this figure, the exponential dependence of the data points shows that the probe

emits more than the expected current provided by the Richardson-Dushman law (green

line). This can be explained by taking into account that the RD expression assumes,

in its theoretical background, that the metal is in equilibrium (see [87]) and refer-

ences therein, and this might not be the actual situation when the probe operates

at 2000 − 2500 K. For these temperatures, the emission overcomes the Richardson-

Dushman emission, leading us to define a super-emission, as explained in reference [88].
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However, for low emission temperatures, both data series of figure 4.3 agree with each

other, and the emission of the probe follows the RD equation. In this case, the metal in

equilibrium assumption is well-accomplished. This is a noticeable result and it implies

that the theory of a probe operating in vacuum should be modified.

4.1.1 Ionization of neutral atoms

When the probe works in an atmosphere of neutral atoms, the thermionic emitted

electrons can collide with the gas atoms and ionize the background gas, as referred

in [67, 89]. As we shall see in the next section, for our emitted electron energy range,

the most probable collisions are elastic collisions between the emitted electrons and the

neutral atoms, [90]. However, ionizing collisions are also very probable, [91], and the

emitted electrons might ionize the neutral atoms. These ionizations might be identified

in the I-V curves of the emissive probe when operating in an Argon atmosphere.

Figure 4.4: Experimental I-V curves for different probe temperatures in vacuum.

In figure 4.4 I-V curves are shown for four Tw of an ELP working in an Argon atmo-

sphere with pressure p = 5 · 10−2 mbar. As can be seen from our experiment, for high

temperatures of the probe, the I-V traces present two potential knees: one correspond-

ing to the vacuum potential (right) and the second one corresponding to the Argon

ionization potential (left). These knees are separated by ∆V ≃ 12 − 16 V, which is

close to such ionization potential (U = 15.8 V, [89]). The resolution of the curves for

low probe temperatures reduces the possibility to observe the corresponding ionization

potential (black curve). In addition to the resolution problem, as the ionization is a

probabilistic effect, when the probe works at low temperature, the number of emitted

electrons as well as their energy are small to produce ionizations and therefore, for the

black curve of figure 4.4, the second knee is not observed. However, for high tempera-

tures the second knee of the Argon ionization is clearly identified (red, green and blue

curves). Therefore, figure 4.4 evidences the emitted electrons by the probe produce
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ionization of the neutral atoms of the surrounding gas.

4.1.2 Emission in different background pressures

We will study now how the I-V traces of the emissive probe change for different back-

ground pressures. For this purpose, a set of measurements were carried out. Firstly, we

present the results obtained when the same probe was operated at two different argon

pressures: p1 = 1.5 · 10−4 mbar and p2 = 2.0 · 10−2 mbar. In the experiments, special

care regarding probe surface reduction was taken. To avoid this, the data have been

obtained in two consecutive runs of the same probe in the same plasma, before cooling

down of the probe.

Figure 4.5: Experimental values of the emitted current, Iem, taking the vacuum chamber walls

as the local ground, for the same probe operated at two different vacuum pressures.

In figure 4.5 the emitted current of the ELP is represented. This current accounts

for the number of electrons emitted by the probe reaching the vacuum chamber walls,

which are the local ground point. As can be observed, the emitted current for p1
is higher than for p2 when the probe temperature is above ≃ 2000 K. These results

are understood by considering the density of neutral atoms in the surroundings of the

probe. A high pressure means a high population of neutral atoms. In spite of their

presence near the probe, these particles do not affect the electric field or the potential of

the probe, but the emitted electrons might collide with the neutral atoms and scatter.

Consequently, a smaller fraction of electrons reaches the vacuum chamber walls and

the emitted current appears lower.

For Argon, considering emitted electrons with an energy of around (40 − 60) eV, the

elastic electron-neutral atoms are the most probable processes and the corresponding

cross section is σelas,col ≃ (8 − 10) · 10−20 m2, [90]. Therefore, the mean free path

corresponds to l ≃ (2.8 − 3.5) m and l ≃ (0.02 − 0.03) m, for p1 and p2 respectively.
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Consequently, the first one is much longer than the vacuum chamber size and the emis-

sion of electrons can be considered as a free emission: the number of collisions (either

elastic and ionizing) is small. However, for p2, the mean free path is smaller than the

characteristic size of the vacuum tank and therefore, the number of collisions increases.

This means that the electrons might scatter because of elastic (and other) collisions and

therefore, produces a reduction of the emitted electrons reaching the chamber walls, as

figure 4.5 evidences.

The effect of the diffusion due to collisions was studied for higher pressures of Argon.

In figure 4.6, the sets of measurements were taken in a consecutive and fast manner,

such as before. The corresponding mean free paths of the pressures involved in figure

4.6 are presented in table 4.1.

Figure 4.6: Experimental values of the emitted current, Iem, for the same probe operated at

three different vacuum pressures.

pressure (mbar) Neutral atoms density (m−3) Mean free path (m)

3.0 · 10−6 7.0 · 1016 (140 − 170)

6.0 · 10−3 1.5 · 1019 (0.07 − 0.09)

5.0 · 10−2 1.0 · 1020 (0.008 − 0.010)

Table 4.1: Background pressures employed in figure 4.6 and their corresponding neutral

atom densities and main free paths.

The understanding of figure 4.6 involves the number of collisions produced between

the probe and the vacuum chamber walls. As mentioned before, for the energies of

our emitted electrons, elastic collisions dominate, although ionizing collisions can also

occur. For very low pressure, as p = 3 · 10−6 mbar, the density of neutral atoms is so

low that the emitted electrons do not collide with the neutral atoms. This is analo-

gous to what happens for p1 in figure 4.6. As the pressure increases, collisions between

electrons and neutral atoms become important. The electrons are scattered because of
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elastic collisions, as well as some ionizations of the neutral atoms can occur. This is the

situation corresponding to p = 6 ·10−3 mbar. In this case, the emitted current is higher

than in the previous case because the probe is also collecting ions from the ionized

neutral atoms. These ions are seen as emitted electrons, and therefore, the emitted

current is now the sum of both contributions. Finally, when the pressure rises more,

for example up to p = 5 · 10−2 mbar, collisions are very important. The corresponding

mean free path is around (0.8 − 1) cm (as indicated in table 4.1) and a significant

number of collisions can occur along the vacuum tank. Since the walls of the vacuum

chamber are the grounding of the electrical circuit, the emitted electrons diffuse, as we

mentioned, and they do not reach the vacuum chamber walls. This is the reason for

the low emitted current observed in figure 4.6 for p = 5 · 10−2 mbar.

To conclude, we can summarize the obtained results as:

• The emission of an emissive probe working at p = 10−6 mbar is higher than

that predicted by the Richardson-Dushman law. This phenomenon can be called

super-emission.

• The collisions between the emitted electrons and the neutral atoms of the sur-

rounding argon gas depend on the background pressure.

• For low pressures p ≃ 10−6 mbar, collisions with atoms are irrelevant and the

probe emission can be considered as free emission. The emitted current recorded

by the electrical circuit consists of emitted electrons only.

• For higher pressures, collisions become important. The emitted current observed

in the I-V curve is now the sum of the emitted electrons and the collected ions

from the ionized argon.

• For very high pressures, collisions are so important that the emitted electrons

diffuse and only a reduced fraction reaches the vacuum chamber wall.

4.2 Probe operation in plasma

We have discussed about a super-emission for the probe working in vacuum. Addition-

ally, we have also seen the emitted electrons collide with the neutral atoms when they

are emitted, and this affects the current collected by the electrical circuit. All this leads

us to wonder if these effects are also present for probe operation in plasma and this

issue will be studied in this section. The comparison between the experimental results

and the theoretical Richardson-Dushman expression will show there is a super-emission

analogous to that presented in the previous section.

Although the procedure followed was as before (comparing the theoretical and the ex-

perimental emitted current), the presence of plasma ions was taken into account. In

operation in vacuum, the part of the I-V curve for very negative potentials (ion satu-

ration current) gives the direct value of the emitted electron current. There were no
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charged plasma particles, only emitted electrons. However, in plasma the ion satura-

tion current of the I-V trace was formed by contributions of ions as well as emitted

electrons. Therefore, the contribution of the ions should be subtracted to obtain the

value of the emission current and consequently, some assumptions should be considered

for the plasma case.

Firstly, it was assumed that ion saturation current of the I-V curve, corresponding to

the lowest temperature is solely formed by ions, because the electron emission is neg-

ligible. This assumption is experimentally supported, as figure 4.7a shows. Here the

Iis values, corresponding to the I-V traces for an ELP operated in a glow discharge

(p = 3.3 · 10−3 mbar), are shown in figure 4.7b.

(a) Corresponding ion saturation current val-

ues of I-V curves of figure 4.7b

(b) I-V curves of an emissive probe in glow

discharge

Figure 4.7: Experimental I-V curves of an emissive probe operating in a glow plasma and the

corresponding values of the ion saturation current for the different probe temperatures.

The Iis data of figure 4.7a are the probe current values, Ip, corresponding to the most

negative potentials in the I-V curve. In this plot, as can be observed, the probe current

for low temperatures is basically independent of Tw and it increases only when the

probe is hot enough (Tw > 2250 K). Therefore, it is considered that the ion saturation

current due to plasma ions only is the corresponding value to the lowest temperatures,

and when the probe is heated, for very negative potentials the Ip corresponds to the

sum of ions and emitted electrons. Hence, we will take the ion saturation current as

Iis = Ip(Tw,min), and the emitted current by the probe will be calculated by means of

Iem = Ip − Iis.

Taking the data of figure 4.7a, the values of the normalized emitted current Iem/Iem,min

for the corresponding I-V curves are represented in figure 4.8, as for the vacuum case.

The super-emission of the probe is seen again: the measured values of the emitted

current are much higher than the RD theoretical values, for high temperatures.

We draw attention to the large error bars of the experimental normalized current from
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Figure 4.8: Corresponding normalized emitted current values for the I-V curves of figure 4.7b.

The large error bars due to the mathematical operations can be identified.

figure 4.8. These large errors are due to the mathematical calculations needed to ob-

tain the normalized current: the subtraction of the ion current and later the division

between the minimum emitted current. However, even considering the error bars, the

experimental values of the emitted current are higher than the theoretical values of the

Richardson-Dushman equation and consequently, the super-emission is present for the

probe working in plasma (in this case, for a glow discharge).

Figure 4.9: Emitted current values for the emissive probe working in the plume plasma of the

ion thruster. The large error bars, due to the mathematical operations, are also displayed.

This high emission of the probe was also tested in plasma generated by the ion thruster

described in chapter 2. In figure 4.9 values of the emitted current are presented, calcu-

lated as before: Iem = Ip− Ip,min. From these results, and despite the large error bars,

it is apparent that the super-emission phenomenon also appears.

In conclusion, a new phenomenon resulting from the emission of the ELP is studied in

this chapter. The probe operation measurements, obtained in plasma (either in glow

discharge and the thruster plume) and in vacuum, indicate that a super-emission exists

when the emissive probe is operated at high temperatures, which does not follow the
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Richardson-Dushman law. Consequently, we propose to modify the usually accepted

theory of emission, as we shall discuss in the following section.

4.3 Emission law modification of an emissive probe oper-

ating in the strong emission regime

Assuming that the thermal equilibrium considered in the Maxwell-Boltzmann distribu-

tion is too restrictive for our high working temperatures of the probe, we proposed a

Kappa (κ) distribution function in the work [87]. This latter has a larger contribution

from the high-energetic emitted electrons, to explain the behaviour of a metallic wall

operating at high temperatures, as our emissive probe.

A new electron distribution, based on the traditional κ-distribution presented in [92], is

considered but involving the Fermi level in the development of the new emission current.

The derivation of the new expression follows the same steps as the Richardson-Dushman

calculation. In this latter case, the energy distribution function taken for the electrons

of the metal is a Fermi-Dirac distribution function, [93]:

fFD =
2m3

h3
1

1 + eE−EF /kBTe
≈

2m3

h3
exp

[

−
E − EF

kBTe

]

(4.3)

where E = (v2x + v2y + v2z)/2me is the energy of the electrons within the metal and EF

is the Fermi energy. Taking x as the perpendicular direction to the infinite plane wall

which emits the electrons, the Richardson-Dushman current density reads

jRD = e

∫

∞

−∞

∫

∞

−∞

∫

∞

vx,0

vx fFD dvxdvydvz (4.4)

being vx,0 the minimum velocity required for leaving the metal. This magnitude is

related to the work function of the metal and the Fermi energy by means of vx,0 =
√

2E0/me =
√

2(Wf + EF )/me.

Since the Fermi-Dirac distribution assumes that the electrons of the metal are in equi-

librium, the equation (4.4) does not take into account the non-equilibrium state of the

metal electrons. Therefore, we take the usual Kappa distribution, [92]:

fκ = Aκ(v
2
c )

[

1 +
v2

κv2c

]−(κ+1)

(4.5)

where Aκ is a normalization constant and v2 = v2x+ v
2
y + v

2
z is the electron velocity and

v2c is a characteristic velocity. This parameter is related to the mean square velocity

< v2 > by using the distribution function and it defines the equivalent temperature,

T , of an isotropic Kappa distribution, [92].
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We modify equation (4.5) by introducing a new characteristic velocity, v21 related to

the Fermi level (maximum velocity of the electrons within the bulk of a classical Fermi-

Dirac distribution):

EF =
1

2
mev

2
1 = γkBT (4.6)

where γ is the traditional normalization of the Fermi energy γ = EF /kBT . The previous

expression (4.5) is written as [87]

fκ(T, v) = Nκ(v
2
c )

(

1 +
v2 − v21
κ v2c

)−(κ+1)

(4.7)

Therefore, the origin of velocities for the distribution is v21. This new energy distribution

function recovers the Fermi-Dirac expression when the parameter κ is approximated to

infinity:

lim
κ→∞

fκ = fFD (4.8)

With fκ, we can derive a new emitted electron current operating analogously as was

done in RD equation, (see [87] for details)

jκ(T ) =e

∫

∞

−∞

∫

∞

−∞

∫

∞

vx,0

vxfκdvxdvydvz =

=eNκ(T )π

(

kBT

me

)2 (2κ− 3 + 2γ)2

2κ(κ − 1)

(

1 +
Wf

kBTκ

)1−κ (4.9)

where Nκ is the normalization constant.

Equation (4.9) recovers the Richardson-Dushman expression for κ → ∞. Considering

the parameter κ, in figure 4.10 it is illustrated how the emitted current changes with

the value of κ. For this graph, tungsten is taken as the metallic material whose work

function is Wf = 4.55 eV, the surface was S = 5 ·10−6 m2 and n0 = 6.3 ·1028 m−3 (this

last value is calculated from the standard data of tungsten).

In those figures, it is worth nothing the difference in magnitudes of the current involved

in both graphs. There are several orders of magnitude between both figures. For low

κ values, the emission is much higher than for high values. The limit κ → ∞ corre-

sponds to the theoretical RD expression. This implies that for κ < ∞, the emission

of the metallic wall would be higher than RD, [87]. This is our conjecture: the energy

distribution of the emitted electrons by the probe do not follow the RD equation but

a modified-κ distribution. This new expression might be the responsible for the high

emission shown in the previous sections.

As a conclusion, a new expression has been obtained for the emission current which

gives higher values of current than those resulting from the classical RD law. Therefore,

to improve the operation theories of the emissive probe, this new emission expression

should be introduced. This will be one of the future aspects of this thesis. The resulting

43



CHAPTER 4. ELECTRON EMISSION OF AN EMISSIVE LANGMUIR PROBE

(a) (b)

Figure 4.10: The emitted current for different values of κ and comparison with the Richardson-

Dushman law. It is illustrated how this current changes for high κ (a) and for low κ (b) values.

conclusion should be cross-checked with the experimental data, to find the best fit.
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CHAPTER 5

FLOATING POTENTIAL METHOD FOR LOW

DENSITY PLASMAS

In this chapter, the theory of emissive Langmuir probes introduced in chapter 3 is dis-

cussed, with special insight into the floating potential method for the determination

of the plasma potential. We start with the description of the ELP operation regimes,

where a departure between the experimental and the theoretical data leads us to mod-

ify the traditional theory of emissive probes in order to explain the obtained results.

5.1 Operation modes of emissive Langmuir probes

For Vp < Vsp and following the equation (3.9), the floating potential shifts in accor-

dance to the change of the probe operation temperature, Tw, and it approaches the

plasma potential value as the temperature increases. Measuring the floating potential

of an ELP for different probe operation temperatures, the typical experimental data

show the dependence illustrated in figure 5.1. In this picture, the floating potential

increases until it is saturated. The corresponding temperature for this saturation point

is denoted by Tsp, and it indicates the plasma potential VF (Tsp) = Vsp.

Our measurements of VF (Tw) are in agreement with those of other authors, although

the data of the floating potential are often represented against different magnitudes

which characterize the emission of the probe. In references [18,89,94], the heating cur-

rent passing through the probe is used, while the filament voltage is employed in the

works [95,96]. For heated-laser emissive probes, the laser power is commonly employed,

as in references [63,77,97].

In our case, the parameter accounting for the emission level is the wire tempera-

ture, which is the selected magnitude to study the floating potential displacement, [19]

and [20]. This choice is made in response to the fact that Tw is the physical parameter

which provides information about the thermionic electron emission of the probe. Con-

sequently, making use of the probe temperature, we are in a position to quantify the
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Tsp ≃ 2200 K

Vsp ≃ 44 V

Figure 5.1: Experimental VF values for different probe working temperatures, Tw. In the

graph, the value of the plasma potential, Vsp, as well as the transition temperature, Tsp, are

shown.

electron emission of the probe by means of the Richardson-Dushman equation (3.6).

This is carried out by introducing the parameter R = jrd(Tw)/jes, as in reference [20],

which represents the ratio between the thermionic electron emitted current, jrd(Tw),

and the thermal electron current, jes. This latter current is the electron saturation cur-

rent and it only depends on plasma parameters, whereas the emitted current satisfies

the expression (3.6) and it relies on the probe temperature.

When the parameter R(Tw) is nearly zero, the electron emission can be considered

negligible and the probe acts as a collecting one. On the contrary, when R = 1, the

emission of the probe reaches the same value of the electron saturation current. Finally,

for R(Tw) ≫ 1, the thermionic electron emission is much higher than the thermal elec-

tron current, and under this situation, the non-perturbation of the surrounding plasma

by the emission of the probe is put under discussion.

Therefore, R(Tw) describes the operation regimes of an emissive Langmuir probe by

means of the dependence of VF (Tw) on the temperature Tw, as:

VF (Tw)− Vsp ≃
kBTep
e

ln (R(Tw)) (5.1)

where the ≃ symbol indicates we are neglecting the ion contribution.

The scheme of the operation regimes is illustrated in figure 5.2. The working modes are

defined following the canonical response of the experimental data plotted in 5.1. Both

figures are the same, except that in 5.2 the limits of the different regimes are indicated.

As this figure shows three working regimes are found, and the probe floating potential

shifts along them, as Tw changes.

For low Tw, the floating potential is weakly dependent on Tw, because the emission
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Figure 5.2: Identification of the different emissive Langmuir probe operation regimes.

is so low that jrd(Tw) can be neglected in comparison with jes. In the following, this

mode will be denominated as the weak emission regime, where R is approximately con-

stant and much lower than 1. In this operation regime, the emissive Langmuir probe is

working essentially as a collecting probe, as the emission is almost negligible and the

floating potential is basically insensitive to the probe temperature.

When the temperature increases, an exponential growth of VF (Tw) begins. In this

range, the emitted electron current density, jrd(Tw), is no longer negligible and this is

the so-called strong emission regime. When the probe works in this mode, the floating

potential shows a large increase due to the electron emission growth, and it is shifted

until the plasma potential value is reached, VF (Tsp) = Vsp. For high temperatures over

this saturation point, Tw > Tsp, the R(Tw) parameter shows a smooth dependence on

Tw. We call this region, the beyond strong emission regime. However, for this operation

mode, R(Tw) is higher than 1 and then, equation (3.9) and consequently (5.1) are no

longer valid because the probe is biased more positively than the plasma potential, [20].

We can qualitatively explain the shifting of VF (Tw) by assuming that there exists a

volume around the surface of the probe, where the emitted electrons are confined. This

effective area is assumed to be a sphere and it is formed because of the energy distri-

bution function of the emitted electrons: some of them do not have enough energy to

overcome the potential well generated by the probe. We consider that the radius of

this effective sphere is of the order of the Debye length, λDe. Consequently, this sphere

strongly relies on the plasma parameters through λDe and it is considered the radius is

weakly dependent on the surface length of the probe.
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We also conjecture that the floating condition is reached at the sheath edge, i.e., over

the surface of this sphere. The net flux across this surface should be zero, which means

the emitted electrons should compensate the plasma electron flux. As the probe is

polarized below the plasma potential, the probe can emit thermionic electrons as well

as it collects some plasma electrons, according to equation (3.3). Neglecting the flux

of ions, these two electron fluxes with opposite directions should compensate over the

sphere in order for the probe reach the floating potential.

Hence, for a cold probe, few thermionic electrons are emitted and only a fraction re-

mains confined within the sphere around the probe. Since the low probe electron emis-

sion should be balanced by a small plasma electron current, a large difference VF − Vsp
is necessary, regarding to equation (3.3). As the temperature of the probe rises, the

emitted electron population becomes higher and therefore, the incoming plasma elec-

tron flux should increase. Consequently, for high temperatures the floating potential

of the probe moves towards Vsp. Then, a higher number of plasma electrons overcome

the potential barrier about the sphere. Finally, when the electron emission is large,

the maximum collected plasma electrons flux is reached, corresponding to the electron

saturation current. At this point, the floating potential reaches the plasma potential

and the sphere near the probe is full of emitted electrons. The probe is then working

at the saturation temperature Tsp.

When the probe temperature rises and operates beyond this transition temperature,

the thermionic electron emitted current cannot be balanced because the maximum col-

lected electron current has been reached. For this range of temperatures, the effective

sphere around the probe is full and the emitted electrons cannot scape and they return

back to the probe. In this case, the probe electric polarization does not change and the

floating potential saturates.

It is important to highlight that the term strong emission regime has been previously

considered by the diagnostics community, as in references [26] or [69]. However, these

limits are not well determined and they are essentially qualitative. A very high emission

from the probe is commonly assumed for this mode, [62,79], or it is identified with the

regime where the effect of the space charge becomes noticeable, as in references [18]

or [83]. However, in the present study, the definition of the strong emission regime

refers to when the electron emission becomes important enough to change the floating

potential of the emissive probe. This means that the limit of this operation mode is

quantitatively defined: the strong emission regime starts when the parameter R(Tw)

becomes sharply dependent on Tw. For instance, for the data shown in figure 5.1, this

mode ranges from Tw ≃ 1980 K up to the saturation knee, where VF (Tw) = Vsp and

Tw = Tsp = 2200 K.

Particularly interesting is the behaviour of the VF (Tw) curve for temperatures beyond

the transition point, Tw > Tsp (or equivalently, R > 1). Although equation (3.9) in-

dicates that the saturation of the floating potential gives the plasma potential, some
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authors (as in the pioneering work [98] and later in references [26] or [99]) pointed out

that the floating potential saturates at more negative values than the plasma potential

due to the space charge effects. Some authors, as [89], indicate that the floating poten-

tial for extremely high probe temperatures could set up the probe potential at a voltage

above the plasma potential. Others, as [67], suggest that the agreement between VF
and Vsp may be related to the ratio between the plasma and emitted electrons. As is

seen, there is not a clear answer to this issue and it needs more investigation.

In our case, in this region, the dependence of VF (Tw) on Tw never presented the same

trend and different probe responses have been observed. As will be further addressed

in chapter 6, it is possible to find a decreasing or an increasing potential dependence for

the beyond strong emission regime. However, the change of the floating potential was

always smooth and the differences between Vsp and VF (Tw) were small for Tw > Tsp.

These observed moderate probe bias voltages suggest that space charge effects around

the probe by the electron emitted current were relatively small.

A difficulty stems from the study of the R(Tw) parameter. Neglecting the space charge

and following the expression (5.1), R(Tw) should be equal to 1 when the VF reaches

the plasma potential. However, the calculation of R(Tsp) obtained with the actual

plasma parameters do not agree and R(Tsp) is not equal 1, as figure 5.3 shows. In

this illustration, the values of R(Tw) for the probe temperatures of the strong emission

regime (Tw > 1980 K) are evaluated. The expressions used for the calculations were

the equations (3.6) and (3.2) for jrd(Tw) and jes, respectively. The values of Tep and

ne employed were those of our low density plasmas.

Figure 5.3: Numerical calculations for R parameter in our probe temperature range.

From the data of figure 5.3 it could be extracted that, for this probe temperature range

Tw = (1980 − 2450) K, the ratio jrd(Tw)/jes is higher than unity, [19, 20]. Indeed, for

the higher density n0 = 7.5 · 1013 m−3, R(Tw) rises to values R(Tw) ≃ 102 − 103 when

Tw is incremented to 2200 − 2300 K. In this situation, equation (5.1) and (3.9) give
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values of the VF above plasma potential, which implies the probe is biased more posi-

tively than the plasma potential. Unfortunately, this circumstance is against the initial

assumptions made for the deduction of equation (3.9), where Vp < Vsp was assumed.

Consequently, when R(Tw) > 1 equation (3.9) is not valid. However, although equa-

tion (3.9) is out of the range for experimental values of Tsp, the obtained measurements

of VF (Tw) show the knee of the curve of figure 5.1 agrees with the plasma potential.

This fact points out the classical model (3.9) which, at the moment is accepted by the

diagnostics community, has to be changed somehow, and this issue will be covered in

the next section.

5.2 Electron saturation current dependence on probe tem-

perature

The classical theory asserts that the electron saturation current, jes, of an emissive

probe does not rely on the probe operation, following equation (3.2), [6, 62]. However,

some authors as [18, 20, 89, 99, 100] have pointed out that the experimental I-V traces

show an increment in the electron saturation current depending on the probe temper-

ature (or the heating current). It is worth noting that this dependence is not only

observed in wire emissive probes, but laser-heated probes also present variations of the

electron saturation current when the emission level changes, [63, 82].

Four typical I-V curves of a standard tungsten emissive probe operated at high tem-

peratures are shown in figure 5.4a, where it is observed that the higher the probe

temperature, the higher the electron saturation current observed for Vp > 40 V. This

probe response is only observed for high operation temperatures. In the case of low

emissive probe temperatures, the electron saturation current density is weakly depen-

dent on Tw and the collected electron current recovers the well-known behaviour of the

collecting probes. This smooth dependence on the wire temperature can be observed

in the curves of figure 5.4b, where the I-V curves are plotted for four different probe

temperatures. There, whereas the emission part (the ion electron saturation current)

of the curve increases as the temperature rises, the electron saturation does not change,

and it is constant with the probe temperature, Tw.

The observed variation of the electron saturation current with the probe temperature

of figure 5.4a leads us to consider that the electron saturation current dependent on

the temperature jes(Tw). The fitting of the experimental I-V curves for different probe

temperatures provides a phenomenological expression for the electron saturation cur-

rent, as proposed in references [19] and [20]. The general response of our tungsten

emissive probes follows the equation:

Ies(Tw) = Ies,min + Io Tw (5.2)
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(a) Tw > 2125 K (b) Tw < 2125K

Figure 5.4: Typical I-V curves of an emissive probe operated at different temperatures.

This empirical equation characterizes the response of each emissive probe and it mea-

sures the maximum collected electron current. As can be seen, this expression results

from the contribution of two electron populations. On the one hand, Ies is related to

the plasma electrons that can overcome the potential barrier by means of the term

Ies,min. This current represents the electron saturation current Ies(Tw) corresponding

to the value of the collected electron current when the temperature of the wire is very

low. In practice, the value of Ies,min is determined from the electron saturation current

of the coldest value of the probe, when it can be assumed that there is not a noticeable

electron emission. In this situation, the emissive probe can be considered as a pure

collecting probe. On the other hand, the second term of equation (5.2) can be inter-

preted as the contribution of the wire electrons that are able to return to the probe,

and because of this, the current depends on Tw. Finally, Io is a fitting constant.

The consideration of this new electron saturation current allows us to modify equation

(3.9), where both numerator and denominator depend now on the probe temperature,

Tw:

VF − Vsp =
kBTep
e

ln

(

jrd(Tw) + jci
jes(Tw)

)

(5.3)

For low wire temperatures, the emitted electron current density is negligible,

jes(Tw) ≃ jes ≫ jrd(Tw)

and consequently the ratio

jrd(Tw) + jci
jes(Tw)

≃
jrd(Tw) + jci

jes
≪ 1 (5.4)

In this situation, VF − Vsp is negative and it essentially remains constant with Tw,

such as for collecting Langmuir probes. When the temperature of the probe is low,

Ies(Tw) ≃ Ies and the thermionic electron current can be neglected. Therefore, the

floating potential is essentially independent of the wire temperature. However, when
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the probe is heated, the emission starts to be relevant. In this case, the floating poten-

tial shifts towards positive potential values, according equation (5.3), and the electron

saturation current becomes dependent on the probe temperature. Finally, the floating

potential is saturated at temperature Tsp, where the floating potential reaches the value

of the plasma potential, Vsp. As seen, this behaviour is analogous to that illustrated in

figure 5.1.

5.2.1 Experimental verification of the electron saturation current, jes

Some experimental values for the saturation current Ies(Tw) of figure 5.4a are repre-

sented in 5.5a. These data are fitted to equation (5.2) and plotted in figure 5.5b. As

can be seen both in the figure and from the equation, a flat part of the electron satu-

ration current exists for the lowest temperatures, which corresponds to Ies,min. Only

when the temperature Tw is high enough, a variation of the current with the wire tem-

perature starts, showing a linear dependence (figure 5.5b). Besides, as is evident from

figure 5.5a, there exists a threshold temperature called Tw,c, from which Ies becomes

dependent on Tw.
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(b) Fitted data to equation (5.2)

Figure 5.5: a) Experimental values of Ies for different wire temperatures. b) Normalized Ies
linear fit. The Ies,min corresponds to the lowest temperature of the probe and Io is given by the

fitted slope.

In order to find a curve to match the data of figure 5.5a, a constant value of Ies,min is

subtracted from the electron current values. The normalized current data, Ies−Ies,min,

corresponding to different values of the wire temperature, Tw, are represented in 5.5b.

As illustrated, the linear dependence of Ies − Ies,min is easily identified and therefore,

equation (5.2) is supported experimentally. It is clearly identified that Ies,min and Io
are parameters extracted from the curve fitting as those shown in figure 5.5b. This

form for the electron saturation current has been observed for different runs and differ-

ent emissive probes, and the phenomenological expression of equation (5.2) is always

obeyed.
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The obtained values of Ies,min are close to the electron saturation current corresponding

to a cold emissive probe with a surface area similar to our ELP . For the probes

employed in this dissertation, and taking into account the parameters of our plasmas,

the corresponding Ies,min values are

Ies,min =
1

4
en0 < v > ×S ≃ (10−3 − 10−2)mA (5.5)

and most of the Ies,min data are included or close to those calculated in equation (5.5).

Finally, we want to clarify one question that, a priori, could seem to be physically

impossible. From equation (5.2), in spite of the probe temperature having a maximum

value corresponding to the melting point of the wire material, Tmp, the electron satura-

tion current will increase if the emission temperature rises. Therefore, the dependence

of the Ies for high values of Tw < Tmp should be investigated. For this purpose, figure

5.6 is included.

E
le

c
tr

o
n

 s
a

tu
ra

ti
o

n
 c

u
rr

e
n

t,
 I

e
s
 (

m
A

)

Figure 5.6: Experimental Ies for very high temperatures, where the saturation of Ies is seen

for Tw > 2250 K.

Figure 5.6 illustrates that when the operation temperature is excessively incremented,

the electron saturation current does not increase so dramatically as before and its slope

changes. In this figure, the values of Ies rise more smoothly than for low probe temper-

atures, and we conjecture if Tw was incremented, Ies would reach a fix value. At the

moment, this question concerning the saturation of the electron saturation current is

still an open question, but we suggest this fact can be related to a possible shielding of

the electric field of the probe due to electron collection. Further investigations about

this problem should be done in the future.

5.3 The new returned electron population

The discussed results in the two previous sections question the classical theory of emis-

sive probes, for Vp < Vsp. The addition of a new electron group might explain the

values of the parameter R > 1, as well as the origin of the experimental dependence
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Ies(Tw), as proposed in reference [20].

Firstly, we assume that the electrons emitted by the probe follow a Maxwellian distribu-

tion with temperature Tee, which is considered to be equal to the probe temperature,

Tee = Tw. There is a fraction of these emitted electrons collected by the probe, for

Vp < Vsp. This new contribution to the probe current reads analogously to the equa-

tion (3.3):

jrd,c = jrd exp

(

e(Vp − Vsp)

kBTw

)

(5.6)

where the role of the electron saturation current is played by the emitted current jrd
given by the expression (3.6).

When the emissive probe operates in the strong emission regime, it works at a high

enough temperatures so as to yield an appreciable electron emitted current to the sur-

rounding plasma. Under this situation, we conjecture that there may exist a potential

profile near the probe that is different from the traditional monotonic plasma sheath.

A minimum of potential may appear very close to the probe surface, as referred by a

number of authors, [21,39] or more recently in [81,101], and which will be addressed in

chapter 8. This minimum of potential, denominated virtual cathode, may cause elec-

trons emitted by the probe to return and therefore, they are collected again by the

probe. These returned electrons can be approximated by a new Maxwellian population

with temperature, Tr, different from Tep and Tw, [20]:

jth,c = jes(Tw) exp

(

e(Vp − Vsp)

kBTr

)

(5.7)

where Tr is the effective temperature and jes(Tw) is the maximum current density

of returned electrons. As mentioned above, the expression of the collected electron

current, jes is dependent on the temperature of the wire, and it can be approximated

by the equation (5.2), which is written here as

jes(Tw) = jes,min + jo Tw ≡ jth(Tw) (5.8)

It should be highlighted that the population described in equation (5.7) constitutes an

approximation and it is considered locally Maxwellian only at the probe surface.

In addition, the probe collects both ions, jci, and the fraction of plasma electrons, jce,

overcoming the potential barrier. This latter population is described by equation (3.3),

which is rewritten here to make easier it to follow:

jce = jes exp

(

e(Vp − Vsp)

kBTep

)

(5.9)

where jes is the random electron current, given by the expression (3.2). At this point

the reader should not confuse the currents jes and jes(Tw) ≡ jth(Tw): whereas the first
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one is the random thermal electron current, the second one is an empirical expression.

Therefore, the total current density at the probe surface is now written as

jtotal = −jci + jce − jrd + jrd,c + jth,c (5.10)

equivalently,

jtotal = −jci + jes exp

(

e(Vp − Vsp)

kBTep

)

− jrd

{

1− exp

(

e(Vp − Vsp)

kBTw

)}

+

+jth(Tw) exp

(

e(Vp − Vsp)

kBTr

) (5.11)

For Vp = Vsp, when the current density reads

jtotal(Vp = Vsp) = −jci + jes + jth(Tw) = −jci + jes + jes(Tw) (5.12)

Neglecting the contribution of the ions, this expression indicates that the effective

electron saturation current of an emissive probe can be interpreted as a sum of the

contribution of two populations of electrons: the plasma electrons (second term of the

r.h.s.) and the emitted electrons (third term of the r.h.s.).

For the floating potential condition (Vp = VF , Ip = 0), the total current density is

jci + jrd

{

1− exp

(

e(VF − Vsp)

kBTw

)}

=

=

[

jes + jth(Tw) exp

(

e (VF − Vsp)

kBTr

(

1−
Tr
Tep

))]

exp

(

e (VF − Vsp)

kBTep

) (5.13)

and denoting φF = VF − Vsp,

jci + jrd

{

1− exp

(

eφF
kBTw

)}

=

=

[

jes + jth(Tw) exp

(

eφF
kBTr

(

1−
Tr
Tep

))]

exp

(

eφF
kBTep

) (5.14)

Therefore, the roots of this equation rely on the probe temperature Tw and the effective

energy Tr of the returned electron group collected by the probe. These roots provide

the values of the floating potential φF (Tr, Tep, Tw), for a fixed value of Tep.

The classical expression (3.9) is mathematically recovered from the previous equation

(5.14) by considering the following assumptions

e|φF | ≪ kBTw e|φF | ≪ kBTr e|φF | ≪ kBTep (5.15)

in order to approximate the exponential terms by their power expansions. However,

we should underline that in particular, the first condition is very restrictive for our
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plasmas. The typical wire temperature of our emissive probes is (0.10 − 0.25) eV, and

consequently, the requirement e|φF | ≪ kBTw is hardly accomplished in the experi-

ments, where the error of VF is proportional to the voltage drop along the wire (in our

case, around 1−2 V). Therefore, the first condition of the previous equation is difficult

to accomplish. In conclusion, because the new model includes an additional effective

electron group, it should be highlighted that the conditions to recover equation (3.9)

are only theoretical.

Consequently, under the assumptions (5.15) the expression (5.14) can be approximated

by

jci + jrd = [jes + jth(Tw)] exp

(

eφF
kBTep

)

(5.16)

and hence,

VF − Vsp =
kBTep
e

ln

(

jci + jrd(Tw)

jes + jth(Tw)

)

(5.17)

This last equation points out that the new population appears now in the ratio of

currents and the modified parameter R∗ is defined as:

R∗ =
jes + jth(Tw)

jci + jrd(Tw)
(5.18)

For the limit jth(Tw) → 0, the classical equation (3.9) is recovered. With this new pop-

ulation, the new ratio R∗ is near unity for Tw = Tsp and the floating potential does not

overcome the plasma potential, VF < Vsp. This suggests that new electron population

might contribute to the probe current, and consequently, explain the large values of R

discussed before.

5.3.1 Experimental evidence

The roots of equation (5.14) give the values of the floating potential for different probe

temperatures, and they have been compared to the experimental measurements of

VF (Tw). However, two parameters need to be adjusted: the temperature ratio Tr/Tep
and a second parameter which can be seen as an effective surface Seff

1, whose physical

interpretation will be later addressed. The first concerns the slope of the VF (Tw) curve

and the second one is related to the saturation point, Tsp.

In figures 5.7a and 5.7b, we present the roots φF (Tr, Tep, Tw) (solid lines) which agree

with the experimental data (solid bullets) of VF (Tw), for two different series of mea-

surements. The selected values of Tr/Tep and Seff are those appropriate for the best

1This effective surface accounts for factors such as the evaporation of the probe and the existence of

an emitted electron cloud, seen previously, around the probe. It should be stressed that this effective

surface is not related to the magnetic fields as it could occur in strongly magnetized plasmas, [26]. Here

the reduction or increase of the emissive surface of the probe is not due to the presence of magnetic

fields.
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fitting. These figures demonstrate that the numerical results are in reasonably good

agreement with the empirical data, although minor differences appear for the beyond

strong emission regime. This discrepancy is due to several issues. Firstly, because our

model is only valid for the potential range in which Vp < Vsp, or in the case we are deal-

ing with, VF < Vsp. Therefore, the range of temperatures above the knee temperature,

Tw > Tsp, is not included within the validity range of our model. Secondly, because the

model developed neglects the space charge effects, whereas the empirical saturation of

the floating potential is affected by these factors.

(a) First data series (b) Second data series

Figure 5.7: Comparison between the numerical roots of equation (5.13) with the experimental

data of floating potential. The parameters are Tr = 7Tep, Seff = 2.7 ·10−5 m2 and Tr = 15Tep,

Seff = 3.6 · 10−5 m2, for the two different series of measurements a) and b), respectively.

According to equation (5.7), the temperature Tr approximates the energy spread of the

new electron group collected by the emissive probe and, in figures 5.8a and 5.8b, the

best fits to VF (Tw) are obtained for Tr = 12Tep and Tr = 15Tep, respectively. The high

temperature of the returning electrons suggests that the energy distribution of this new

effective electron group has a very broad energy spectrum. This could be explained if

a potential structure is formed near the probe wall, as we previously mentioned.

This potential well also gives a hint to explain the large values of R. For high tem-

peratures, the wall emits a large number of electrons as equation (3.6) predicts, and

the plasma could be perturbed. This fact was suggested by some authors as [89] for

low-density plasmas when the probe operates at high temperatures. However, due

to the potential well created by the virtual cathode, a reduced amount of thermionic

emitted electrons actually reach the plasma bulk. Hence, the presence of this potential

minimum reduces the high emitted electron density and, even in the strong emission

regime, the plasma is not greatly perturbed by the emission of the probe. A detailed

explanation about the existence of this virtual cathode in the surroundings of the probe

will be addressed in chapter 8.

Summarizing, there is good agreement between the proposed model and the experi-

mental data. This supports the phenomenological model previously proposed, which
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(a) First data series (b) Second data series

Figure 5.8: Comparison between the roots of equation (5.13) with the experimental data in

the figure for the effective temperatures Tr of the additional electron group.

can be accepted to explain the different currents collected by the emissive probe when

it works in the strong emission regime. Nevertheless, it should be underlined that

the temperature of this new population of electrons is much higher than the plasma

electron temperature. This electron group explains the previous disagreement of the

values of R parameter in the strong emission regime. We do not exactly know how the

populations of electrons within the potential structure are, but we have formulated a

new model including an effective electron population which approximates the actual

electrons (probably non-Maxwellian) and permitting the fit of the experimental data.

5.3.2 Experimental behaviour of the effective surface

The previous model predicts that Seff determines the transition temperature Tsp of the

probe corresponding to the knee of VF (Tw). To study this relation, [20], the numerical

roots of equation (5.14) have been calculated for different values of the probe surface,

keeping Tr constant. In figure 5.9 these calculations are compared with the experimen-

tal data. The returned electron temperature chosen is Tr = 12 Tep and Tr = 15 Tep
for figures 5.9a and 5.9b, respectively. The corresponding measured surfaces of the

emissive probes employed were S = 4.3 · 10−6 m2 and S = 5.6 · 10−6 m2.

The results of figures 5.9a and 5.9b indicate that increments in the effective emission

surface reduce the values of the transition temperature Tsp. This is evidenced by the

shift of the parallel lines corresponding to different values of Seff , which are numer-

ically calculated. However, when we experimentally checked this dependence of Tsp
with Seff , we obtained confusing results as figures 5.10 illustrate. Consequently, we

cannot offer a conclusive statement because the relation between Seff and Tsp is not

clearly identified. The experimental results are shown in figures 5.10.

In these figure it can be seen that whereas for 5.10a and 5.10b, the longest probe has the

lowest Tsp, for graph 5.10c, the data show an opposite response and the longest probe
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(a) First series of figure 5.7 with Tr = 12Tep (b) Second series of figure 5.7 with Tr = 15Tep

Figure 5.9: Change of the effective surface Seff of the emissive probe for the experimental

data in figure 5.7a.

presented the highest temperature. The plasmas where the probes were immersed were

different, and because of this fact, the potential values of the curves presented in the

three figures are not the same. But this is not important, because the main point of

interest of curves VF − Vsp = f(Tw) is the knee point and how it shifts.

In view of the illustrated results, we have not found a clear experimental evidence of

the relation between Seff and Tsp. We conjecture this is due to the value Seff involved

in the numerical calculation of the roots for the phenomenological model is purely a

fitting parameter. Additionally, the true experimental value for this effective surface is

unknown and cannot be determined. There are uncontrollable factors involved in the

operation of the probe, such as a non-uniform cooling down when the probe is turned

on/off, sputtering of the metallic filament which reduces the effective surface or the

evaporation of the wire. Therefore, although the original surface of the probe is well

determined in the construction, all the previous experimental factors modify the actual

surface of the probe when it is operated, making this unknown.
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(a) Floating potential data for three different

probes.

(b) Floating potential data for two different

probes.

(c) Floating potential data for two different

probes.

Figure 5.10: Floating potential values for different probe temperature, when different emissive

probes lengths, Lprobe, are employed.
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CHAPTER 6

EXPERIMENTAL CONSIDERATIONS ABOUT THE

FLOATING POTENTIAL MEASUREMENT

The diagnostic technique studied in the experiments of this dissertation is based on

measuring the floating potential for different probe temperatures. This chapter is en-

tirely devoted to the experimental issues involved in acquiring of the floating potential.

Here we will discuss practical considerations which are sometimes overlooked in works

regarding the measurements of VF with emissive probes. There are a number of items

not explained in detail in the literature. In the following lines we deal with some of

them.

In first place, the floating potential method involves the measurement of very small cur-

rents, especially in low density plasmas. As we will see, these modest currents might

imply undesirable effects, such as electronic coupling with measuring equipments or

poor signal-to-noise ratios. We need to be aware also of electric grounding, because the

electric probes measure electric potential differences and they are currently biased to

a reference electrode (RE ), which might or not be connected to the earth point of the

electric system. The arbitrary choice of this RE might give rise to different readings of

the plasma and/or floating potential. As we shall see there are important discrepancies

in accordance with different choices of the reference electrode acting as the grounding

point.

The second concern relies on the I-V curve measurements. In order to obtain an ap-

propriate number of data for building the I-V characteristic curves of electric probes,

the use of a fast sweep system is imperative. In our case, the measuring system for the

I-V curves consists of a signal generator, whose output sawtooth signal is amplified and

applied to the electric probe through a resistance connected in series with the Langmuir

probe. A power supply permits us to change the voltage of the electrode reference of

the system, Vref , as discussed in chapter 2.

The signals involved in our system are usually the sum of DC (for example, the Vref
voltage) and AC (the sawtooth signal) components. Usually, the signal conditioning
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of the oscilloscopes or digital acquisition boards uncouples the DC component from

the AC by eliminating the DC voltage added to the signal ripple, which is essential in

our case when transforming the time dependent voltage signals into plasma currents

and/or probe bias voltages. In section 6.1 we will analyse the influence of the AC/DC

coupling mode of our oscilloscope, concerning our experiments and we will present how,

in particular, this effect is dramatic for the measurements of electron saturation current

of emissive probes.

Finally, a relevant question relies on the actual operation of electric circuits which intro-

duces small but important departures affecting the interpretation of the measurements.

The cross-check of floating potential measurements by different measuring system arises

important questions related to the equivalent internal impedance of circuits. This issue

is important when the results are compared and they might explain the discrepancies

found between different laboratories and measuring systems.

Other external questions (such as data acquisition) and internal aspects regarding the

electric system (such as circuit grounding) or the plasma/probe operation (such as the

Ies(Tw) dependence) are discussed. Accordingly, this chapter is divided into two parts:

one is related to the signal conditioning and the second one concerns a comparison

between the direct and indirect floating potential measurements.

The floating potential of an emissive probe can be obtained by two different ways. The

first procedure, which will be called indirect method, consists of extracting VF from

the full I-V curve, as the probe bias corresponding to Ip = 0, (as for example in [97]).

Alternatively, the direct method is based on measuring only VF by making use of an

electrical circuit. In this latter method, only a pair of data (Vp = VF , Ip = 0) is con-

cerned, rather than the large number of measurements involved to obtain the I-V curve

through the first procedure, for instance see [102].

6.1 Signal conditioning

As mentioned before, the signal conditioning of the oscilloscope is investigated since

signals with DC and AC components are involved in the indirect obtaining of VF , which

requires the measurement of full I-V curves using fast sweep circuits. The characteristic

trace of the electric probes is recorded by fast computer board data acquisition or, as

in our case, digital oscilloscopes.

Again, the data have been collected by means of quick and consecutive measurements

to ensure the same plasma and probe conditions have been used. The investigation is

made from three points of view. Firstly, the I-V curves are studied when the value of

an internal parameter of the measuring system, in this case Vref , is externally changed.

Secondly, we address the dependence of VF with Tw extracted from I-V traces obtained

with both couplings modes. Finally, a similar study of the electron saturation current
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for AC and DC coupled curves is discussed.

6.1.1 Change of the reference voltage, Vref , of the sweep system

In the first place, we change the voltage of the reference electrode, Vref . This mag-

nitude is a DC voltage applied to the system which offsets the sawtooth signal which

feeds the amplifier. This change should not affect the measurements and the I-V curves

for a same plasma should overlap. However, this I-V curve matching is not achieved for

incorrect coupling mode of the oscilloscope. Figures 6.1 and 6.2 present the I-V traces

of a collecting and emissive probe, respectively, for different values of Vref when the

signal is AC and DC coupled. In both cases, the left figure (6.1a and 6.2a) concerns the

AC coupling mode and the right one (6.1b and 6.2b) the DC. For these measurements,

the walls of the vacuum chamber were used as the ground point of the electrical circuit.

(a) AC coupling mode (b) DC coupling mode

Figure 6.1: Comparison between the I-V curves of a collecting probe for three different values

of Vref , in the case of AC (left) and DC (right) coupling modes.

Figure 6.1a shows that the shifting between the I-V curves of a collecting probe for

different Vref is more pronounced for the AC than for the DC mode. The change in

Vref displaces the curves: the more positive the reference voltage, the larger the shift

of the curve. This means the I-V curve is displaced to more positive voltages when

higher values of Vref are applied. Therefore, as the knee of the I-V curve of the col-

lecting probe is related to Vsp, the traces of figure 6.1a give different values of Vsp for

this plasma. This is misleading, since the I-V curves of 6.1a were taken in the same

plasma and conditions, and they should provide the same value for plasma potential.

Nevertheless, this shifting is not so pronounced for the curves of figure 6.1b, where the

knees of the curves are closer, and they give similar values for Vsp. As a consequence,

we conclude that the AC signal coupling mode misleads the I-V curves acquisition.

Moreover, the electron saturation part of the I-V traces of the collecting probe in figure

6.1a are also shifted. This part of the curve is related to the plasma density, and con-

sequently, these curves provide different values of nep. This result leads us to conclude
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(a) AC coupling mode (b) DC coupling mode

Figure 6.2: Comparison between the I-V curves of an emissive probe, ELP , for three different

values of Vref , in the case of AC (left) and DC (right) coupling modes. The probe operates at

constant temperature.

that the AC coupling mode gives incorrect results, since the plasma density cannot

change as the curves of figure 6.1a indicate. Oppositely and such as occurs with the

curve knee, for DC coupling (figure 6.1b) the electron saturation current of the dif-

ferent traces superimpose, giving similar values for the plasma density. Therefore, we

conclude the I-V curves of the collecting probe demonstrate the DC coupling mode is

the most appropriate, since the traces give consistent plasma parameters.

The same conclusion is drawn from the IV-curves of the emissive probe, illustrated in

figures 6.2. The curves of the left graph are clearly shifted and therefore, they yield

different values of Ies and VF . This effect disappears when the signal is DC coupled,

as for the case of the collecting probe. In figure 6.2b, the plotted I-V curves converge

in both the ion saturation or in the electron saturation regions. The discrepancy is

present only about the floating potential, where the current is zero.

This fact is also observed in figure 6.1b where the curves shift for null current: the I-V

traces separate as the probe current approaches the zero value. Therefore, I-V curves of

collecting and emissive probe for a DC coupling mode show the same effect: although

the curves are consistent, a shifting is present for probe currents close to zero current.

This phenomenon is a consequence of the electric circuit and it does not call into ques-

tion the accuracy of the I-V curves when the signal is DC coupled. The explanation is

as follows.

When the probe is biased to voltages near the floating potential, the current drawn

by the probe becomes very small and close to zero. In this situation, the signal to

noise ratio SNR enlarges and therefore, the measurement becomes less accurate. The

I-V curve width of the collecting probe in figure 6.1b becomes more noisy as the cur-

rent decreases. The decay of this SNR might affect the results and this is noticeable

by the shift of the I-V curves near the floating condition, as seen in figures 6.1b and 6.2b.
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In conclusion, this shift near the floating potential is not a problem due to a misuse

of the oscilloscope, but it is an unavoidable electronic effect. Because of this, it is

important to highlight that this error might affect the values of VF obtained from the

I-V curve of an emissive probe which will be later used to deduce Vsp. A number of

authors employ the floating potential technique, [18, 63, 67, 71, 89, 103], and some of

them extract the VF from the I-V characteristics and often they do not make reference

to this SNR problem.

We conclude by summarizing the following conclusions:

1. We suggest that the appropriate signal coupling of the oscilloscope is the DC

coupling mode. This mode does not remove the DC components of the signal,

and hence, the I-V curves for a same plasma are independent of the chosen mea-

surement parameters.

2. The reference potential Vref is a DC voltage, which is removed when the signal

is AC coupled. As a consequence of the DC components loss, the curves are

displaced from the hypothetical correct curve. The shifting shown by the traces

in this mode differ from the Vref value, but it is close to, as it can be seen in

figures 6.1a and 6.2a. There, for the AC coupling mode, the curves are displaced

by a voltage proportional to the Vref difference. However, for the DC mode, the

shift between the traces is around ± 5 V, which is close to the accepted error,

and they can be considered the same curve.

3. In low density plasmas, the floating potential measurements obtained by making

use of the I-V traces of an emissive probe might be affected by poor signal to noise

ratios. The voltage fluctuations might become comparable to the signal thereby

rendering the measurements of VF useless. This effect is illustrated in figures 6.1

and 6.2.

6.1.2 Shape of I-V curves of emissive Langmuir probes

The effect of signal coupling is not only found when a parameter of the measuring sys-

tem is changed. Even when the sweep circuit works under the same conditions (for us,

unchanged Vref ), the I-V curves obtained for both modes of coupling present different

results.

The following study of the signal coupling mode essentially concerns the floating po-

tential shifting and the electron saturation current dependence. As the temperature of

the probe rises, the floating potential reaches more positive potentials, [18, 19, 63, 82].

Referring to the electron saturation current, some authors have reported that this cur-

rent increases smoothly as the temperature of the probe rises, [20, 97,99]. Both effects

have been studied for I-V curves of an ELP in connection with the AC/DC coupling

modes.
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6.1.2.1 Floating potential shifting

The AC/DC coupling mode is studied in figures 6.3, where the I-V curves of an emissive

probe are plotted for different temperatures under the same experimental conditions

(Vref unchanged).

(a) AC coupling (b) DC coupling

Figure 6.3: Comparison of I-V curves of an emissive probe with AC and DC signal coupling

for different heating current Ih,em.

For the AC coupling mode, VF moves towards

Figure 6.4: I-V curves of figure 6.3b for

the three lowest temperatures with a DC

coupling of the oscilloscope. It is clear the

VF shifting to positive values for increasing

Tw.

negative potentials when the probe is heated,

this contradicting the prediction of equation

(5.3). However, for the DC case, the shift-

ing of the floating potential agrees with the

mentioned equation: it displaces towards pos-

itive potentials when the probe is heated. Al-

though it should be stressed that for DC mode,

a small reversed displacement of VF (∆V ∼ 2

V) is seen in figure 6.3b for very high temper-

atures (those corresponding to Ih,em = 0.95−

0.98 A, see table A.1 in appendix A).

There is not an accepted explanation for this

reversed shifting of the floating potential, which

is outside the strong emission regime where equation (5.3) is not valid. In our case, the

typical response of VF when Tw > Tsp is a slow shifting to negative potentials, as seen

in figure 6.3b. This shift is seldom observed when the floating potential is obtained

by the direct method, making use of the electrical circuit of figure 6.6b which will be

discussed in the following section. For the moment, it is an open question, although

the displacement of VF in figure 6.3b is small enough (typically around 2 V) so as not

to invalidate the conclusion that the VF of the I-V curves obtained by the DC coupling

mode displaces to the accepted sense.
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The I-V curves of figure 6.3b without the highest temperature traces are represented in

figure 6.4, to highlight how the floating potential moves towards positive potentials for

Tw < Tsp. In AC coupling, the displacement of VF is even observed for low probe tem-

peratures and the shifting is around 10 V, much higher than for the DC case. Figure

6.4 shows the change in the emission regime of the probe: the VF for the green curve

is significantly removed from the VF of the previous curves. This corresponds to the

large increment of the floating potential of section 5.1 and this jump constitutes the

experimental evidence of the regime change of the emissive probe. We will come back

to this point in chapter 7.

In conclusion, from the VF displacement results, the correct signal conditioning is DC

coupling in all cases. This agrees with the results obtained in the previous subsection,

when we studied the Vref change.

6.1.2.2 Electron saturation dependence

The next question to be addressed is the dependence of the electron saturation cur-

rent, Ies(Tw), on the probe temperature. This phenomenon is observed in figures 6.3

and was also discussed by a number of authors [19, 20, 89, 99]. The classical theory

does not account for this change in the electron saturation current, treated in chapter

5. Experimentally, we observe this physical effect for both coupling modes, although

the dependence is quite different. For the AC coupling mode, the dependence is very

pronounced whereas for the DC coupling, the electron saturation shows a weaker de-

pendence.

Figure 6.5 shows values of Ies(Tw) from the I-
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Figure 6.5: Dependence of the electron

saturation current on the probe temperature

for an AC and DC coupling modes from the

I-V traces of figure 6.3.

V curves of figure 6.3 and the corresponding

temperatures obtained by equation (A.1) of

appendix A. Although it contains a few data

points, it is appreciated the sharp dependence

of Ies with Tw for the AC coupling mode in

comparison with the DC case.

In works where this issue is also observed (as

references [18] or [97]) the dependence Ies(Tw)

is not so pronounced as in figure 6.5 for the

AC coupling signal mode. They are more sim-

ilar than the response obtained by DC and

there is no explanation for the high jump of

the Ies(Tw) observed by AC mode.

We suggest that the large electron saturation current might be a result of a misuse of

the signal coupling mode and we consider the weak dependence of Ies(Tw) as the correct
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one. Making use of a DC coupling mode, the dependence of the electron saturation

current is less severe than for the AC mode, as figure 6.5 illustrates, and it is similar to

the results of the previous mentioned works. This dependence follows a linear response

and it corresponds to that presented in chapter 5, fitted by equation (5.2). The mea-

surements employed in that chapter were taken with DC mode and they are similar to

the orange solid squares from figure 6.5.

To end the section, we summarize the main conclusions. Concerning either the opera-

tion of the sweep system and the I-V curves for the Langmuir probes, the results are

consistent when the signal mode for the oscilloscope is DC. This conditioning does not

reject any DC component of the signal, such as that introduced by Vref . Hence, when

AC coupling mode is used, the I-V curves present confusing responses as the signal is

not complete: DC components have been rejected. Because of these factors and from

the experimental results, we conclude that the appropriate coupling mode is DC, and

this will be applied in all of the following I-V curve measurements.

6.2 Direct measurements of the floating potential

In the present section we analyse two circuits employed for the direct obtaining of VF ,

illustrated in figure 6.6. In the left circuit (a), the measurement of VF is made across a

high resistance, whereas in the right one (b), the floating condition is reached manually.

Both circuits have a similar part consisting of the DC power supply which provides the

heating current Ih,em to the probe and two identical resistances R used to measure the

voltage in the midpoint of the emissive probe. The floating potential VF was collected

for different probe temperatures Tw.

Although the circuits of scheme 6.6 are quite similar, the measuring procedure is based

on different concepts. In circuit (a) the high resistance R1 is connected, so that a negli-

gible current is drawn. The value given by the voltmeter placed in parallel is considered

to be the floating potential. However, in circuit (b), this zero current is applied directly:

by means of the variable power supply of this right branch, the current drawn by the

probe and read by the ammeter can be fixed to zero. Therefore, the corresponding

voltage is the floating potential of the probe.

From the mentioned differences it is easy to see that two different measuring concepts

are involved in the previous circuits. In case (a) the current across R1 is assumed to be

negligible and hence, it is supposed the floating potential is achieved. In contrast, in

circuit (b), the condition of null current is imposed, it is not just supposed. Here the

floating condition is not assumed, it is established by the power supply, and as we will

see, this conceptual difference is crucial.

In order to analyse the compatibility of these circuits, a set of measurements of the

floating potential for different probe heating currents, Ih,em, was carried out. The mea-
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(a) (b)

Figure 6.6: Circuits to measure directly the floating potential of an emissive Langmuir probe.

The values of the resistances are R = 14.5 MΩ and R1 = 10 MΩ.

surements have been performed under the same conditions and the same RE for both

systems (the vacuum chamber walls). As mentioned in the introduction, grounding

constitutes a key issue and it will be discussed in detail in the following section. The

typical response of circuits 6.6a and 6.6b in cold plasmas with different parameters is

presented in figure 6.7, where the values of VF for different Ih,em obtained with both

circuits are found.

Figure 6.7: Measurements of the floating potential for the same plasma by means of circuits

(a) and (b) of figure 6.6.

From figure 6.7, it is evident that the VF values obtained by the circuit (a) are sig-

nificantly lower than those of circuit (b), although the functional dependence of both

curves is identical. Recalling that the plasma potential value Vsp corresponds to the

floating potential saturation for high heating currents, the obtained values of Vsp differ

by almost 30 V.

This difference is explained by the fact that in the circuit (a), the voltmeter connected
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in parallel across the resistance R1 has an internal resistance comparable to R1. This

implies that this latter resistance and the internal impedance of the voltmeter con-

stitute a current divider and therefore, a fraction of the small drained current passes

through the second leg. Consequently, the probe current is not exactly the current

through R1 and hence, the reading of VF in the voltmeter does not correspond to the

unperturbed voltage drop through R1. It gives a smaller value than the real VF due to

the current lost through the voltmeter.

However, this is not the case of circuit (b) where there is no current loss and the value

read in the power supply when the ammeter indicates I = 0 is the value of VF . Conse-

quently, the obtained values of VF are different, being lower those measured by circuit

(a), as in figure 6.7. Consequently, we consider the most reliable measurements of float-

ing potential are given by circuit (b). Because of this we will use circuit (b) of figure

6.6 for all direct measurements of the VF carried out along this chapter. Furthermore,

we suggest to pay attention to the resistances and impedances of the measuring circuits

for the VF obtaining of emissive Langmuir probes, since the involved currents are so

small that the internal resistances of equipment can play an important role.

6.3 Cross-check of the direct/indirect floating potential

measurements

A cross-check of the Vsp values obtained by the collecting and the emissive probes is

necessary to validate the theoretical results described in chapter 5 concerning VF . This

task is far from being a trivial matter because direct and indirect measurements of VF
give rise to different values. The analysis is accomplished as follows. Two series of

measurements of the floating potential for different probe temperatures are compared:

the first one is carried out by circuit 6.6b and the second data set is that corresponding

to the values of VF extracted from I-V curves of the emissive probe. To reduce the ex-

tension of this section, the results of the experiments carried out in the plasma plume

of the ion thruster and the glow discharge plasma are reported in detail in appendix

B. We only include here a typical data set to help the reader with the following ar-

gumentation, in figure 6.8, where the direct and indirect measurements of the floating

potential of the ELP in a plume plasma ion thruster are presented.

In this figure, the blue solid bullets represent the measurements using the electrical

circuit of 6.6b, while the data from I-V curves are plotted as red solid squares. Al-

though both set of measurements show the dependence VF = f(Tw) already presented

in chapters 3 and 5, the voltages do not agree. Finally, a third measurement is involved

in the figure. The Vsp value extracted from the I-V traces of a collecting Langmuir

probe is also considered and it is represented by the horizontal green line. As discussed

in chapter 2, the collecting probe in our setup is placed close enough to the emissive

probe, in order to consider that the local value of the plasma potential measured by
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Figure 6.8: Comparison of direct/indirect measurements of VF for different Tw of an emissive

probe working in the plasma plume of the ion thruster. The horizontal line is the Vsp obtained

using the collecting Langmuir probe.

both probes is almost the same value. This value Vsp, and its corresponding error, are

shown at the bottom right corner, for the collecting probe.

The analysis was made in the glow discharge plasma as well as in the plume of the ion

thruster. In both plasmas, the data show responses similar to those of figure 6.8, and

we can summarize the main observations as:

1. The floating potentials obtained by the electrical circuit 6.6b are always more pos-

itive than those extracted from I-V traces. The discrepancy commonly between

(10 - 30) V, in general.

2. The offset between both floating potential data is not constant for all the probe

temperatures. As figure 6.8 shows, the voltage displacement between red and

blue data is not the same for cold and hot temperatures.

3. The data obtained from the I-V curves for Tw > Tsp show a decreasing response

with probe temperature. However, the data measured directly by circuit 6.6b do

not frequently show this tendency.

4. The error in the floating potential values measured by circuit 6.6b is almost con-

stant for all probe temperatures. This is not the case for the VF values extracted

from the I-V curves: the VF error bars for the coldest temperatures are large in

comparison to the error of VF for the hottest temperatures. In addition, these

error bars for low Tw are also much higher than those of the blue bullets. This

fact is specially acute for glow discharge plasma, where the signal-to-noise ratio

leads to large error bars (see section B.2 in appendix B).

5. Finally, the Vsp value from the I-V curves with the fast sweep system obtained

by a collecting probe does not match the Vsp values obtained from the other

methods. It is often found that the three values of Vsp do not agree.
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The explanation of the previous results entails looking back to details involved in the

acquisition of data from Langmuir probes. We need to make reference to different issues

as the equivalent circuits of the measuring circuits, the noise of the I-V curves or the

possible drifting of the plasma electrons. These arguments will account for the previous

evidences inferred from figure 6.8 and consequently from the figures presented in the

appendix B.

6.3.1 The load line of electrical circuits

When the floating potential of an electric probe is measured, the employed electrical cir-

cuit acts as an infinite resistance connected to the probe. In this situation, the working

point of the whole circuit corresponds to the floating potential. This operation point

can be obtained by the graphic method of the load line, which consists of determining

the intersection between the characteristics I-V curve of the elements involved in the

circuit, [104].

Every electrical circuit can be substituted by its

Heating circuit
RL

ELP

Measuring 
circuit 

Equivalent
load resistance

Figure 6.9: Simple scheme of the

circuit involved in the operation of a

Langmuir probe.

internal equivalent resistance, RL. Consequently,

the electrical circuit employed for the measure-

ment of VF is composed of the electric probe and

an equivalent resistance RL corresponding to the

measuring circuit, as figure 6.9 illustrates. By

means of the load line method, VF , might be ob-

tained as the intersection between the I-V curve

of the emissive probe and the linear load line of

the measuring circuit, I = V/RL. It should be

taken into account that RL depends on the em-

ployed measuring system, and therefore the values of RL corresponding to our sweep

system and the circuit of figure 6.6b are different.

The floating condition requires a zero current drawn by the probe, which means that

for measuring VF , the resistance RL should tend to infinity, [16, 105, 106]. Neverthe-

less, this limit is non-achievable on practical grounds, and consequently, the measured

floating potential is only an approximation. For each employed circuit, the load line is

different and consequently, the intersection point which provides the final value of VF .

The effect of this non-infinite RL is depicted in figure 6.10. In this figure, the load lines

are plotted with negative slope due to the current criteria used along the dissertation,

where Ies > 0.

In the above plot three different values of the load line are included: RL = ∞, RL,1

and RL,2 > RL,1. The infinite case corresponds to the intersection between the I-V

curve and the horizontal axis. As is evident, for low load resistances such as RL,1 the

floating potential is farther from the infinite case than for large resistances such as RL,2.

72



6.3. CROSS-CHECK OF THE DIRECT/INDIRECT FLOATING POTENTIAL

MEASUREMENTS

I = V/RL,1

I = V/RL,2

I

V

Probe characteristics

Load lines

I

RL =

Figure 6.10: Modification of VF for different load resistances, RL,1 < RL,2. The slope of the

load line is negative due to the Langmuir current criterion employed in this dissertation.

Consequently, we can say that for a finite value of RL, the floating potential given by

the intersection point between the I-V trace and the load line is not exactly the actual

floating potential. This latter is only obtained when RL = ∞.

This implies that the measurements of the floating potential of the emissive probe ob-

tained from the I-V curves are affected by the finite load resistance of the electronic

sweep system. The intersection points do not match the load line corresponding to

RL = ∞. This latter condition only corresponds to the electrical circuit 6.6b, where

the probe current is made zero with the power supply and the ammeter. However, this

is not the case of the VF measured by means of the I-V curves, as seen in figure 6.10.

For a RL 6= ∞, the intersection point does not agree with the actual VF , corresponding

to RL = ∞, which is slightly displaced in voltage. Consequently, we can conclude that

this is one factor which accounts for the shifting between the values of VF by both

methods in figure 6.8 (and correspondingly in figures B.1a, B.1b, B.1c and B.3 of ap-

pendix B).

Indeed, not only the value of RL affects the measurement of VF (and therefore, the shift

of VF data), but also the position of V = 0. The load line crosses the horizontal I = 0

at the point V = 0, as the Ohm’s law reads. As a consequence, if this vertical line is

far from the curves, as is the black vertical line in scheme 6.10, the displacement of VF
is different to that for the red line, which corresponds to a V = 0 point close the I-V

curves. The position of this vertical line is placed by the Vref , which shifts horizontally

the load line of the resistance. How this voltage shifts the load line can be understood

by making use of the scheme 6.11.

At the same time, the grounding point of the probe bias sweep system can be seen as

an effective power supply connected to the measuring system. To change the grounding

point is analogous to shift the potentials of the system, and this is why the direct and
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indirect measurements of VF should be compared by always taking the same grounding

point. This also explains the non agreement between VF , present in the measurements

taken in the three different grounding choices previously illustrated.

Consequently, the measuring system should be care-

Heating circuit

Sweep system

RL

ELP

Vref

Figure 6.11: Simplified scheme

of the probe bias sweep system.

fully characterized because small inner resistances can

significantly displace the floating potential from the

real one. We analyse here the influence of two finite

resistances RL = 0.7 MΩ and RL = 2.0 MΩ (values

close to the inner resistance of our oscilloscope, 1 MΩ),

to illustrate the shifting of VF because of the load line

effect.

In figures 6.12a and 6.12b we present two sets of I-V

curves obtained by the sweep system. Two load lines

of RL = 0.7 MΩ and RL = 2.0 MΩ are also included.

The intersection of the corresponding load lines with

some experimental I-V traces is represented in figures 6.12c and 6.12d. As seen, the

resulting floating potential for fixed Tw is different when RL changes. The shifting of

VF is particularly noteworthy for low temperatures in figure 6.12d, where the displace-

ment could be of the order of 20 V. Consequently, we can consider the effect of the

non-infinite inner resistance of our sweep system in VF to explain the offset between

the red and blue data of figure 6.8.

However, looking at figures 6.12c and 6.12d it is evident that the VF shifting is not the

same for both situations. For the lowest temperatures, the displacement between the

series is different: whereas for 6.12c the values are quite displaced, for 6.12d the shifting

does not exist. This difference is caused by the position of axis V = 0. The closest

values to this axis are not very shifted, as figures 6.12b and 6.12d evidence. However,

when this axis is well displaced from the curves, the VF data are well separated from

the others, such as occurs for low temperatures in figures 6.12a and 6.12c. Moreover,

whereas for 6.12c the highest values of VF correspond to the lowest resistance, in 6.12d

the sense is the opposite.

Finally, we found that for both cases, for the highest temperatures the VF data superim-

pose at the same value. Therefore, the plasma potential value given by this saturation

of the floating potential does not present a shifting: for the three series of data, Vsp
agrees. This is because the transition region of the presented I-V curves is very steep.

And consequently, the displacement of VF for different RL values is very smooth and

it cannot be detected. This effect might be better appreciated for plasmas with less

abrupt transition regions.

Summarizing, the finite value of RL of the measuring systems employed for obtaining

VF by an ELP offsets the VF values from the theoretical case of RL = ∞, [62,95,107].

74



6.3. CROSS-CHECK OF THE DIRECT/INDIRECT FLOATING POTENTIAL

MEASUREMENTS

(a) (b)

(c) (d)

Figure 6.12: Experimental values of VF when different load resistances are taken.

When dealing with indirect VF measurements, the response of the measuring system

should be taken into account. In our case, taking the load line corresponding to our

sweep system described in chapter 2, the intersection points give different values of VF
depending on the load resistance value. The results show not only that RL is important

for the determination of VF , but also the position of the V = 0 axis.

As a conclusion, from our study we can conclude the non-infinite value of the equiva-

lent RL of our sweep system might explain the shifting between the indirect and direct

measurements. Consequently, the closest measuring system to the theoretical condition

is the electrical circuit 6.6b, where RL = ∞ is manually established. Finally we want

to encourage experimenters to accurately characterize the measuring systems when the

floating potential of the emissive probe is measured.

6.3.2 Other factors responsible of the direct/indirect VF shifting for

low density plasmas

In low density plasmas, additional factors need to be considered regarding the I-V

characteristics and, therefore, the determination of VF . Firstly, we will address the

signal-to-noise ratio, SNR, which is particularly important for low density plasmas
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where the involved plasma currents are low. The SNR affects severely the measure-

ments for low probe currents, such as those involved in the floating condition. As a

consequence, the indirect measurements of figure 6.8, and all the measurements plotted

as red solid squares in figures B.1, B.2 and B.3 of appendix B, are influenced by a

possible large error due to this poor signal-to-noise ratio. This fact is more evident for

low temperatures of the probe, where the error of the floating potential is much higher

than for high Tw. This issue is related to the width of the I-V curve for the floating

potential, as we will discuss in chapter 7.

The poor signal-to-noise ratio influences also the measurements taken by the collecting

probe. The determination of Vsp is made, as described in chapter 3, by means of the

intersection between two fitting lines of the electron saturation current and the retarded

field region of the I-V curve. The latter is quite affected by the level of noise, as is

evident from the curves width for low currents of figure 6.1b, which makes troublesome

the identification of the transition region slope. We suggest that this is one reason for

which the Vsp value obtained by the collecting probe does not usually agree with the

Vsp obtained by the direct/indirect measurements of the emissive probe.

Finally, for the collecting probes, a second factor might affect the results of Vsp. The

probes are operated in the plasma of the ion thruster plume, whose particles might

present a shifted distribution of energies. Even though the probes are placed far enough

from the exit section of the thruster to consider that the plasma is in equilibrium, a

smooth shifting of the ions and electrons may occur. As a consequence, the I-V curves

of the collecting probe do not give accurate measurements of the plasma potential and

emissive probes are more appropriate, as suggested in references [39, 40, 79, 105]. In

addition, this is supported by the poor agreement between the measurements of the

collecting and emissive probe I-V traces, which leads us to question the reliability of

the data obtained from the collecting Langmuir probe in our plasmas.

6.4 Grounding study for the ion thruster plasma

One of the observations when the cross-check of the direct and indirect measurements

of VF were done in the ion thruster plasmas was that, for a constant plasma, the values

of Vsp change when different reference electrodes are taken as ground points. When

using electric probes, these are biased with respect to the local ground. The choice

of this reference electrode, RE, within the electrical system is somehow arbitrary and

it is not always the electric ground of the experimental facility. Therefore, different

ground points for the probe measuring circuit were also investigated in the case of the

ion thruster plasma. For the glow discharge plasma, both the plate and the vacuum

chamber are part of the electrical connections circuit and consequently, the grounding

problem is not addressed here (the plate was always chosen as the ground point).

The electrodes studied for the ion thruster were:
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1. The walls of the vacuum chamber

2. A biased electrode which is part of the plasma source electrical circuit

3. A biased electrode which is not part of the plasma source electrical circuit

The first one is independent of the circuitry of the plasma source and it consists of

the grounded walls of the vacuum chamber. The second and third possibilities con-

cern electrodes whose potentials are externally established, differenced by the electrical

connection of this electrode. For the electrode inside the plasma source, the RE is a

component of the ion thruster: the extraction grid, denoted by EG, discussed in chap-

ter 2. Finally, the third case is a metallic plate located inside the vacuum chamber, far

from the walls of the chamber and from the exit section of the thruster. The measure-

ments for all the grounding possibilities are included in appendix B.

Measuring 

system

Measuring system

grounding

Vacuum chamber 

walls

(a) Chamber walls

Measuring 

system

Plate

Power

supply

+

-

Measuring system

grounding

Plate polarization

grounding

(vacuum chamber walls)

(b) Plate

Figure 6.13: Schemes of the electrical connection in reference to the vacuum chamber walls

and the external biased plate as grounding point.

This plate is employed for the generation of the glow discharge and it was described in

chapter 2 and reference [59]. It is biased by an independent power supply connected

between the plate and the walls of the grounded chamber. To help the reader to dis-

tinguish this situation and the grounded chamber wall one, we include the schemes in

figure 6.13. As can be seen, for scheme 6.13a, the grounding point of the measuring

circuit is the ground point, the so-called GND or electrical earth. However, for the

second case, the grounding of the measuring system is not GND.

For the plasma from the ion thruster, the error bars of VF are especially large for the

case of the plate taken as RE. The measurements for this situation (figures B.1c and

B.2) show that the error of the I-V curves data is much higher for the plate than for

the extraction grid or the chamber walls. Indeed, from these figures it is impossible to

extract a definite conclusion for low temperatures due to the large error involved (see

figures B.1c and B.2 in appendix B). The accuracy in the determination of VF for the
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biased plate can be investigated by means of figures 6.14, where the I-V curves for four

cold operation temperatures of the ELP are illustrated. As can be identified, the float-

ing potential is difficult to determine exactly because this condition is accomplished

for a wide range of probe bias potentials. The purple arrows indicates the maximum

and minimum probe potentials of the range for Ip = 0. In figures 6.14, the VF error

can reach 15 V and this low accuracy is the source of the large error bars of VF for

the case of the glow discharge plasma (figures B.2b). However, it is worth noting that

this voltage range in the floating condition is reduced when the probe is heated, and

hence the error bars of VF are smaller for the highest temperature. In chapter 7, we

will come back to this issue.

(a) Ih,em = 0.52 A (b) Ih,em = 0.54 A

(c) Ih,em = 0.56 A (d) Ih,em = 0.58 A

Figure 6.14: I-V curves for different heating currents of the emissive probe, Ih,em, grounded

to a 50 V biased plate. The large error in the determination of the floating potential is indicated

by means of the purple line and arrows.

The results obtained by the three choices (see appendix B) demonstrate that the be-

haviour of the probe is similar for all the cases. However, there are some reasons to not

to take the extraction grid as the grounding point. The most important disadvantage is

the fact that the extraction grid takes part in the plasma generation. The potential of

EG is externally biased and it affects the parameters of the generated plasma, because

it is inside the plasma source. This fact does not allow us to compare measurements of
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plasmas generated by different extraction grid potentials, since the reference electrode

changes. On the other hand, the biased metallic plate gives more noisy I-V curves than

the other grounding options (figures B.1c and 6.14). This important issue makes us

avoid the choice of the biased plate as RE, due to the bad accuracy of the VF values.

As a consequence of this study, we consider the best option for the reference electrode

of the electrical circuit for the emissive Langmuir probe to be the vacuum chamber.

6.5 Conclusions

A comparison between the different measurements of Vsp by emissive and collecting

probes have been carried out in this chapter. The results conclude that, for our low

density cold plasmas, the most accurate value of plasma potential is provided by the

measurement of the floating potential of the emissive probes. In particular, within the

two methods for obtaining VF , we consider that for low density cold plasmas, the most

accurate and simplest option is to measure the plasma potential using the floating po-

tential method by means of an electrical circuit as shown in figure 6.6b.

The I-V curves are involved in the indirect obtaining of the ELP floating potential. The

VF is obtained as the intersection between the I-V trace of the probe and the response

curve of the sweep system. Consequently, this latter should be well-characterized in

order to determine its correct response. Nevertheless, the finite value of this resistance

means that the VF values obtained are inaccurate and they present an offset from

the actual VF obtained by the direct method, (with the electrical circuit 6.6b). In this

second case, the RL is an infinite resistance, as the probe current is manually made zero.

At the same time, the shifting between the VF values obtained by the direct and indi-

rect way of the emissive probe might be a consequence of other factors such as the poor

signal-to-noise ratio for low probe temperatures. This SNR affects also the collecting

probe I-V curves, which gives inexact values for Vsp. The low currents involved in the

I-V curve of the collecting probe means that, for our plasmas, the value of Vsp provided

by the collecting probes is not very accurate. The measurements with these probes are

also affected by a possible drifting of the plasma electrons. As a consequence, the best

option for the measuring of Vsp is making use of the direct measurement of the floating

potential of the emissive probe.

Concerning the glow discharge plasma, the results also support our findings that the

best option to measure the plasma potential is to make use of a direct measurement of

the floating potential of an emissive probe. Again, this can be due to the low plasma

densities of our experiments as well as the non-accurate characterization of the em-

ployed sweep system. In our case, the currents collected by the probes are so low that

the results might be affected by the level of noise of our sweep system. The solution

could be addressed from two points of view. The SNR can be improved by using a

denser and hotter plasmas. This is the case of tokamak plasmas, where the floating
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potential of the emissive probes are obtained from the I-V curves, as for example, in

references [18, 30, 84]. However, for low density plasmas, the SNR should be reduced

by the improvement of the experimental equipment.

Finally, the grounding study for the ion thruster plasma indicates that the best elec-

tion for the electrode reference are the walls of the vacuum chamber. The extraction

grid influences the plasma properties and therefore, it is not useful for studying differ-

ent plasmas, and the signal to noise ratio is a severe problem in the biased electrode.

Consequently, we conclude that the best grounding option is the vacuum chamber

walls, although the issues related to the operation of the sweep system should be well-

established to make use of the I-V curves.

The results presented in this chapter lead us to the conclusion that the best measuring

system to obtain the VF of an ELP is the electrical circuit of 6.6b, when we are working

in low cold density plasma: it is simply, the load line actually corresponds to RL = ∞

and the accuracy of the measurements are only affected by the use of the power supply

and the ammeter.
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CHAPTER 7

EXPERIMENTAL EVIDENCE OF THE OPERATION

REGIMES CHANGE

The change between the different operation regimes of the emissive Langmuir probes,

introduced in chapter 5, is discussed along this chapter. As mentioned several times

before, three electron emission regimes of the probe can be found: weak, strong and

beyond strong. The transition between the weak and the strong modes is very abrupt

and the probe response changes. The electron emission becomes important for the

strong emission regime, whereas it can be neglected for the weak mode.

At the moment, we have seen that the transition mode is identified in the curves VF (Tw)

by a sharp increase in the floating potential. However, in this chapter, we will see ad-

ditional evidence for this change between the operation regimes. Firstly, we will return

to the I-V curves of the emissive Langmuir probe and we will review the experimental

evidence of the mode transition. This concerns the lack of definition of the floating

potential because of the poor signal-to-noise ratio when the electron emission is weak.

Secondly, we will address the dependence of the electron saturation current, Ies, on the

filament temperature, Tw, and the clear change that is observed. Finally, we will recon-

sider the super-emission phenomenon, where the transition point between the operation

regimes is easily identified. The operation modes of the emissive Langmuir probe are

present in all the aspects of the probe: electron emission, collection, floating potential

and I-V curve resolution.

7.1 Evidence from the floating potential

In chapter 3, the dependence of the floating potential on the temperature clearly indi-

cates the change of the probe regime. Here we review the curves of the floating potential

VF (Tw) in order to identify the regimes. For this, we should come back to figure 5.2

where the regimes where clearly marked by the dashed lines, which is included here in

figure 7.1.
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Weak 

emission

regime

Strong 

emission 

regime

Beyond

strong 

emission 

regime

Figure 7.1: Floating potential dependence on probe temperature. The operation regimes are

indicated in the figure.

For the weak emission regime, the probe electron emission is negligible and the floating

potential is weakly dependent on Tw. Nevertheless, when the strong emission regime

starts, electron emission becomes important and the floating potential shows a strong

dependence on Tw. Finally, saturation of the floating potential corresponds to the be-

yond strong emission regime.

7.2 Evidence from the I-V curves

The extreme displacement of the floating potential is also observed in the floating po-

tential of the I-V curves. Figures 7.2 and 7.3 illustrate the I-V curves at different probe

temperatures for glow and ion thruster plasma respectively.

The shifting of the probe floating potential is illustrated by the displacement of the

I-V trace between Ih,em = 0.81 A and Ih,em = 0.84 A, for the glow discharge plasma.

For the ion thruster plume, the shifting between the I-V curves of Ih,em = 0.82 A and

Ih,em = 0.85 A is also related to the change of the emission mode operation. This

effect is illustrated in figure 7.4 where we compare the I-V curves of two similar tem-

peratures, for the plasmas of interest here. Small increments in the heating current, or

equivalently, in the probe temperature, result in a reduced voltage range for the float-

ing potential condition. These traces have been obtained for the ion thruster plasma

(figure 7.4a) and for a glow discharge plasma (figure 7.4b).

However, the I-V curves indicate the regime transition by means of a second evidence

related to the signal to noise ratio, SNR. For low temperatures, the involved probe

currents are very small and the SNR is very poor. This is seen by the lack of definition

of the floating potential for weak emission, as mentioned also in section 6.3.2. This

lack of definition implies large error bars for the floating potential at these low temper-

atures. Nevertheless, for the strong emission regime, the probe current increases and

therefore, the I-V curve presents a better resolution: the SNR becomes smaller and
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(a) Ih,em = 0.71 A (b) Ih,em = 0.73 A

(c) Ih,em = 0.76 A (d) Ih,em = 0.78 A

(e) Ih,em = 0.81 A (f) Ih,em = 0.84 A

Figure 7.2: I-V curves for different heating currents of the emissive probe, Ih,em, in a glow

discharge plasma. The error in the determination of the floating potential is indicated by the

arrows.
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(a) Ih,em = 0.78 A (b) Ih,em = 0.80 A

(c) Ih,em = 0.82 A (d) Ih,em = 0.85 A

(e) Ih,em = 0.86 A (f) Ih,em = 0.88 A

Figure 7.3: I-V curves for different heating currents of the emissive probe, Ih,em, in an ion

thruster plasma. The error in the determination of the floating potential is indicated by the

arrows.
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ΔVF

ΔVF

(a) Plasma generated by the ion thruster

ΔVF

ΔVF

(b) Plasma generated by a glow discharge

Figure 7.4: I-V curves for different heating currents of the emissive probe, Ih,em, in the plasma

plume generated by the ion thruster. In the graphs, the error in the determination of the floating

potential can be seen.

the error bars decrease.

In figures 7.2 and 7.3 it is observed that the error in the determination of the floating

potential (indicated by the arrows) decreases dramatically between the curves corre-

sponding to Ih,em = 0.81 A and Ih,em = 0.84 A for the glow discharge, and Ih,em = 0.82

A and Ih,em = 0.85 A for the thruster plasma plume. Consequently, when the error

bars decrease, the value of the floating potential moves towards much more positive

values, showing the sharp displacement, previously mentioned.

Weak emission regime

Huge error bars

Strong emission regime

Small error bars

Figure 7.5: Comparison of the direct and indirect measurements of VF for a glow discharge

plasma. The operation regimes of the emissive probe are indicated.

In figure 7.4, it is evident how, at Ip = 0 A, the width of the curve is reduced as the

probe is heated, this reduction being more dramatic for the case of the glow discharge.

At the same time, it is also observed how the I-V curves shift towards positive poten-

tials when the temperature increases. Figure 7.5 helps to identify how the error bars

are sharply reduced in the strong emission regime.
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In conclusion, it is particularly noteworthy that the operation mode change appears

not only in the direct measurements, as in the previous section 7.1, but also appears in

the indirect determination of VF and in the shape of the electron saturation current,

as we will see in the next section, by means of figure 7.6.

7.3 Dependence of the electron saturation current

Figure 7.6 represents the values of the electron saturation current extracted from the

I-V curves under DC coupling mode. They show the canonical shape for Ies(Tw) dis-

cussed in chapter 5: the electron saturation current is essentially constant for low

temperatures, whereas for high temperatures, a sharp linear increase in Ies occurs.

Low emission 

Cold emissive probe

High emission

Hot emissive probe
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Figure 7.6: Electron saturation current for different operation temperatures, when the signal

is DC coupled. The operation regimes are clearly illustrated.

This particular shape of Ies = f(Tw) is explained by using the emission regimes of the

probe. When the probe is cold, i.e., when it works at very low temperatures, the emis-

sion is not very high and the probe works as a collecting Langmuir probe. The electron

saturation current of the emissive probe is basically independent on the temperature of

the probe, (flat part of figure 7.6). However, when the emission increases because the

temperature of operation is high enough, the probe response differs from the collecting

one and the electron saturation current is no longer constant. It becomes strongly de-

pendent on the probe temperature. The transition between the two operation modes

is clearly identified in figure 7.6.

7.4 Evidence from the thermionic electron emission

Finally, the fourth experimental evidence of the operation mode transition relies on the

electron emission of the probe. Figure 7.7 shows the experimental data of the emitted
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7.4. EVIDENCE FROM THE THERMIONIC ELECTRON EMISSION

current of the probe working in vacuum compared with the corresponding theoretical

Richardson-Dushman currents.

Weak emission 

regime

Strong emission

regime

Figure 7.7: Experimental evidence of the operation regimes of the probe. For low temperatures,

the emission is close to RD emission (indicated by the green box) whereas for high temperatures,

a super-emission appears, far from the RD law (red box).

When the probe operates in the weak emission regime, the thermionic electron current

is low and follows the RD law. Nevertheless, for sufficiently high temperatures, the

probe changes to the strong emission regime, and a super-emission appears. In this

operation mode, the emitted electron current is much higher than RD law predictions.

This experimental evidence is illustrated in figure 7.7, which constitutes the last exper-

imental confirmation of the existence of the operation regimes of the emissive Langmuir

probe.
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CHAPTER 8

EMISSIVE LANGMUIR PROBE OPERATION IN THE

STRONG EMISSION REGIME

The results discussed in the preceding chapters provide evidence that emissive probes

have different working regimes depending on the ratio between the thermionic emission

and plasma electron collection. When the ELP operates in the strong emission regime,

a large displacement of the probe floating potential occurs (see figure 5.2 or 7.1). For

these temperatures, the emitted current is several orders of magnitude higher than the

collected electron current [20], as figure 5.3 illustrates. These results raise some doubts

about whether the plasma is disturbed or not by the probe, which is the aim of the

present chapter.

8.1 Model description

Plasma sheaths are developed at the boundaries of conductive walls in contact with a

plasma. Within this sheath, the ion density is higher than the electron density and it

lies between the wall (x = 0) and the so-called sheath edge, x = xse, which is a few

Debye lengths, [60]. The plasma potential in the sheath ϕ(x) increases monotonically

from the wall potential, ϕ(0) = Vw, up to the sheath edge potential, ϕ(xse) = Vsp. But

this potential profile can be modified when the surface emits a large electron current.

As the emission of electrons becomes more important, the electric field increases until

a virtual cathode is formed. A virtual cathode consists of a surface near the electrode

wall where the electric field is zero and a minimum of potential appears, as figure 8.1

illustrates for a flat and infinite emissive wall. This potential structure was proposed

in 1929, [21, 108], and it has been studied and experimentally observed by many au-

thors, [22–24,39].

In the present chapter, we model this potential structure with a virtual cathode for a

strongly emissive Langmuir probe operating in a low density plasma. We assume that

this new potential distribution is responsible for the non-perturbation of the plasma

bulk as well as it is related to the high-energetic electron population considered in sec-
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REGIME

tion (5.2). If the potential near the probe is modified with the presence of a virtual

cathode, the amount of electrons emitted by the wall is reduced and only a fraction

reaches the so-called sheath edge and, hence, the plasma. Then, the plasma is unmod-

ified although the wall is emitting high electron currents. Additionally, a minimum of

potential near the probe surface can reject the emitted electrons and these might be

collected with a higher energy by the wall.

Let us consider a plasma in local equilibrium in

Vw

E
m

it
ti

n
g

 W
a

ll

distance, xx = 0

potential, φ

Figure 8.1: Potential profile for a 1-

D sheath with a virtual cathode formed

by means of a high emission by the

wall.

contact with a plane electron emissive wall located

at x = 0. The quasineutral plasma fills the half-

space x > 0 and it is composed of neutral atoms,

electrons and ions, whose densities are denoted as

nn, npe and ni, respectively. Because of plasma-

wall contact, a collisionless sheath is developed

near the surface. The wall emits to the plasma

a second electron population, with density nee.

These electrons are colder than plasma electrons,

and both groups are considered to have locally

Maxwellian velocity distribution functions. The

ions are assumed to be cold, [60], and the electron

emission is considered strong enough to cause the

formation of a virtual cathode near the wall, lo-

cated at x = xvc. Then:

ni(x) = ni,se

[

1 +
2e(Vsp − ϕ(x))

miv
2
0

]

−1/2

(8.1a)

npe(x) = npe,se exp

[

−
e(Vsp − ϕ(x))

kBTep

]

(8.1b)

where Tep, mi and kB are the plasma electron temperature, the ion mass and the

Boltzmann constant, respectively. Thus, ni,se and npe,se represent the ion and electron

densities at the sheath edge. The potential of this potential structure in the neighbour-

hood of the wall is denoted by ϕ(x), where Vvc < ϕ(x) < Vsp and Vvc < Vw < Vsp.

We have ϕ(xse) = Vsp at the sheath edge (the end of the potential structure) and

ϕ(xw) = Vw at the wall. The ions are accelerated to the ion velocity v0, whose specific

expression will be later determined.

For the emitted electrons, we will consider an analogous expression to the plasma

electron density (8.1b). Just as only a fraction of the plasma electrons incoming into

the potential structure can overcome the potential well, only a fraction of the emitted

electrons by the wall could overcome the potential difference ϕ(x) − Vw and reach the

plasma bulk. Therefore, assuming these emitted electrons as Maxwellian, the following

expression is proposed
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nee(x) = nee,0 exp

[

−
e(Vw − ϕ(x))

kBTw

]

(8.2)

where the magnitude Tw is the wall temperature and nee,0 is the emitted electron den-

sity at the wall. This equation is valid for the region between the wall and the virtual

cathode, where Vvc < ϕ(x) < Vw.

Taking now into account that the wall represents an emissive Langmuir probe, as said,

it is considered that the emission from the wall is due to the thermionic mechanism

and hence, the density at the wall can be estimated by

nee,0 =
jRD

evw
≡ nRD,0 (8.3)

being jRD the Richardson-Dushman current, given by equation (3.6). Here, vw is

the average emitted electrons velocity. Using a Fermi-Dirac distribution function for

the electrons inside the metallic wall, [93], the emitted electrons velocity, vw, is es-

timated as the mean value of the velocity in the perpendicular direction to the wall

vw = v̄x ≈
√

2kBTw/πme. It has been considered that the Fermi energy is equal to

the work function of the metal, EF ≃ WF . It is also assumed than the average tem-

perature of the emitted electrons is the wall temperature, hence, the emitted electron

temperature is T = Tw, [87].

On the other hand, the quasi-neutrality condition in the sheath edge gives

ni(xse) = npe(xse) + nee(xse) (8.4)

which provides a relationship between the ion and both electron populations. Con-

cerning the emitted electron density in the sheath edge, this population is the same

as the fraction of emitted electrons reaching the virtual cathode coming from the wall,

nee(xse) = nee(xvc), due to the potential profile which is monotonically increasing in

the range xvc < x < xse since the electrons do not experience any potential barrier.

For this reason, we consider

nee(xvc) = nRD,0 exp

[

−
e(Vw − Vvc)

kBTw

]

≡ nRD (8.5)

where Vvc is the virtual cathode potential. Taking this expression into account, we can

set the number of emitted electrons capable of reaching the sheath edge to be the same

as the electron number which can overcome the virtual cathode minimum. Therefore,

the density of emitted electrons is considered almost independent of x in the range

xvc < x < xse. For this reason, this number density is denoted by nRD in equation

(8.5), which does not rely on ϕ(x). The same fact holds for plasma electrons going from

the plasma to the wall. The fraction of plasma electrons arriving at the wall from the

plasma is the same as the fraction which arrives to the virtual cathode coming from the

bulk plasma, because of the decreasing potential for xw < x < xvc which is now seen

as an increasing profile by the electrons from the plasma after they reach the virtual

91



CHAPTER 8. EMISSIVE LANGMUIR PROBE OPERATION IN THE STRONG EMISSION

REGIME

cathode.

Considering the quasi-neutrality condition for large x, ni(x = ∞) = npe(x = ∞) = n0,

equation (8.4) in the sheath edge can be written as

ni,se = npe,se + nRD = n0 (8.6)

Here, it is assumed that the ion density at the sheath edge is its corresponding value at

infinity, but not for the electrons. The emitted electrons, which are less energetic, since

Tw ≪ Tep, do not reach infinity due to different mechanisms such as recombinations,

collisions or others which are not the subject of this work. These mechanisms make

the emitted electrons become part of the nearby plasma electrons, and for this reason,

the total electron density at infinity is

ne(x = ∞) = npe,se + nRD (8.7)

Hence, equations (8.1a) and (8.1b) are rewritten as

ni(x) = n0

[

1 +
2 e (Vsp − ϕ(x))

miv20

]

−1/2

(8.8a)

npe(x) = (n0 − nRD) exp

[

−
e(Vsp − ϕ(x))

kBTep

]

(8.8b)

Since the plasma potential varies from the sheath edge, where ϕ = Vsp, to the wall

potential ϕ = Vw, there is a charge unbalance within the sheath. To determine the

potential profile within this region, it is necessary to use Poisson’s equation, which is

given by:

d2ϕ

dx2
= −

dE

dx
=

1

2

dE2

dϕ
= −

e

ε0
(ni − ne) (8.9)

Using the dimensionless magnitudes,

φ =
e (Vsp − ϕ)

kBTep
v̂0 =

v0
Cis

(8.10)

where Cis =
√

kBTep/mi is the ion sound speed, Poisson’s equation becomes

1

2
dE2 =

n0kBTep
ε0

[

1
√

1 + 2φ/v̂20
−

(

1−
nRD

n0

)

e−φ −
nRD

n0

]

dφ (8.11)

A first integration, with E(φ = 0) = 0, provides

1

2
E2 =

n0kBTep
ε0

[

v̂20

(√

1 +
2φ

v̂20
− 1

)

+

(

1−
nRD

n0

)

(

e−φ − 1
)

−
nRD

n0
φ

]

(8.12)

For the virtual cathode position, equation (8.12) provides a relation between the nor-

malized virtual cathode potential, φvc = φ(xvc), the normalized ion velocity v̂0 and the
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electron quotient α = nRD/n0. This parameter measures the statistical weight of the

emitted electrons with respect to the plasma electrons in the virtual cathode position.

This key parameter is, in fact, very important for the determination of φvc, which is

calculated in the following section.

For E2 > 0, a positive r.h.s. of equation (8.12) is required, therefore, imposing this

condition and expanding it as a Taylor series for φ≪ 1 in the sheath edge, a modified

Bohm condition is obtained

v̂20 ≥

(

1−
nRD

n0

)

−1

(8.13)

When the emission of the wall is zero, nRD = 0, the ion velocity of the equation (8.13)

recovers the traditional Bohm condition for a non-emissive wall, v̂0 ≥ 1, as expected.

Equation (8.13) establishes α < 1, a condition related to the quasi-neutrality equation

(8.4) in the sheath edge, because nRD < n0. Finally, for the following discussions, we

will consider equation (8.13) which is rewritten as,

v̂20 =
1

1− α
+ ε, ε ≥ 0 (8.14)

where ε is a positive parameter.

8.2 Qualitative phase space analysis

In this section we will deal with the study of the phase space of the model previously

developed. From the point of view of differential equation theory, this is a Hamiltonian

system, equation (8.12) has the form a typical Hamiltonian system in mechanics, where

E plays the role of velocity, φ of position and x of time. Consequently, the qualitative

study of the nature of the solutions can be done, in our model. For this, we use

ξ2 =

(

1

1− α
+ ε

)

(
√

1 +
2φ

1
1−α + ε

− 1

)

+ (1− α)
(

e−φ − 1
)

− αφ (8.15)

where ξ is a dimensionless electric field

ξ2 =
2ε0E

2

n0kBTep
(8.16)

As said, the non-dimensional ξ can be seen as a generalized velocity of a dynamical

system while the r.h.s. of equation (8.15) can be identified as a pseudo-potential,

depending on a generalized position φ. To simplify the following study, we will denote

this pseudo-potential as ψ(φ):

ψ(φ) = −

[

(

1

1− α
+ ε

)

(
√

1 +
2φ

1
1−α + ε

− 1

)

+ (1− α)
(

e−φ − 1
)

− αφ

]

(8.17)
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Consequently, the phase space of the proposed model can be studied as in classical

mechanics, by the identity

ξ2 + ψ(φ) = k (8.18)

where k is a constant. The potential structure formed by a virtual cathode would

correspond to a level curve of the formal Hamiltonian, having two intersections of the

x−axis: one at φ = 0 and a second one at φ = φvc.

The question that naturally arises is whether, in fact, this model reproduces a po-

tential profile providing a virtual cathode. To answer this question we proceed to a

qualitative analysis of the nature of our solutions by the phase-space diagram study.

We have found that the model is highly sensitive to the parameters ε, α as expected.

For realistic parameters, the nature of the phase-diagram can be seen in figure 8.2,

where the purple curve is ψ(φ), i.e. the pseudo-potential. Clearly, a separatrix curve

appears at φ = 0 (red color), that corresponds, for φ > 0 (physical case), to a non-

periodic solution giving the electric field and the potential, whose profile are depicted

in figures 8.3, as it can be seen by projection of the both axis for increasing x. As is

well-known from the theory of differential equations, these solutions are defined for all

“time” (x), which in our case means that both ψ(x) and ξ(x) approach zero for x→ ∞.

k = 0k > 0

k < 0
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Figure 8.2: Phase diagram of the developed model for different values of k.

Consequently, we have checked that this model recovers the original assumption of the

electric field for the virtual cathode. In other words, the qualitative analysis of the dif-

ferential equations shows that there exists a solution giving the profiles of the potential

of a virtual cathode with the corresponding electric field.
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Figure 8.3: Profiles of the dimensionless field, normalized potential and position for the re-

alistic trajectory which accomplishes φ > 0, corresponding to ϕ < Vsp. The three possible

trajectories of phase diagram seen in figure 8.2 are also included.

8.3 Discussion about the existence of this virtual cathode

As repeatedly mentioned before, a cold emissive Langmuir probe is basically a collect-

ing Langmuir probe because the electron emission by the probe is negligible. Hence,

we conjecture that the potential profile sheath should recover the typical sheath of a

collecting wall for low emissions. Therefore, the virtual cathode must disappear for low

temperatures of the emissive probe. This is discussed in the present section. We try

here to clarify when this minimum of potential appears.

The model proposed in the previous section has been obtained by considering that the

potential profile near the probe shows a virtual cathode [109] which is an assumption

checked by phase-diagram analysis. Introducing the definition (8.5) in equation (8.13)

and taking the minimum value for the normalized ion velocity, the potential difference

between the virtual cathode and the wall can be determined as

Vvc − Vw =
kBTw
e

ln

[

n0
nRD,0

(

1−
1

v̂20

)]

(8.19)

The departure assumption of our model is that the virtual cathode exists and its poten-

tial is lower than the wall potential. Hence, in order to ensure that the virtual cathode

exists, the condition Vvc −Vw < 0 has to be accomplished in equation (8.19). This also

implies that, for a fixed wall potential Vw, when Vvc−Vw > 0, the virtual cathode does

not exist.
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Through expression (8.19) it is possible to obtain the critical wall temperature, Tw,c,

which represents the threshold temperature for the existence of the virtual cathode.

As Tw increases, Tw > Tw,c, the virtual cathode always exists, since in this range,

Vvc < Vw. However, for temperatures lower than Tw,c, Tw < Tw,c, the virtual cathode

does not exist as Vvc > Vw. The wall temperature corresponding to the point when

Vvc − Vw changes from positive to negative is the critical wall temperature, Tw,c. As it

is depending on the Bohm velocity, Tw,c can be found for different values of v̂0.

The figure 8.4 is obtained from the roots

Figure 8.4: Variation of the critical wall tem-

perature, Tw,c, with the normalized Bohm ve-

locity, v̂0, obtained as the roots of the equa-

tion (8.19). This is represented for three plasma

densities, n0.

of equation (8.19), for normalized ion ve-

locities in the range 1 < v̂0 < 1.5. In

this figure the behaviour of the critical

wall temperature has a steep increase for

small values of v̂0, but this growth be-

comes very smooth beyond v̂0 = 1.1. The

dependence of Tw,c on v̂0 has similar pro-

files for the three values of plasma density

considered in figure 8.4.

The normalized ion velocity is propor-

tional to the ion density through equa-

tion (8.8a), and consequently to the plasma

density. This means that the higher the

v̂0, the denser the plasma. Therefore,

from figure 8.4 it is deduced that the virtual cathode appears at higher wall tem-

peratures as the plasma density increases, because the critical temperatures are higher

for higher ion velocities. Since the emission is proportional to the wall temperature

through the definition of nRD,0, figure 8.4 indicates that for the formation of a virtual

cathode is needed a large emission from the wall when the plasma has a high density.

The appearance of the virtual cathode is due to a flux balance between the emitted

electrons and the plasma species.

For the experiments carried out in this dissertation, the typical density range is n0 ≃

(1013 − 1014) m−3, for these plasmas, the floating potential shows a large increase for

temperatures of order Tw ≃ (1900 − 2200) K. Those values of Tw are close to those

obtained in figure 8.4, where Tw,c ≃ (1450−1850) K. This agreement supports the idea

that when the emission is high enough for the strong emission regime to start, a virtual

cathode appears in the potential structure near the wall, as several works have pointed

out [109,110].

This implies that for high wall temperatures, although the value of the emission at

the wall is high and the quotient between the emission and collected current is around

∼ 102 − 103 (as values of the parameter R shown in figure 5.3), the potential well is

deep enough so that the fraction of electrons which can overcome the well and reach
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the sheath edge is very small. This explains why the plasma is not perturbed by a

strongly emissive Langmuir probe in the strong emission regime: the fraction of emit-

ted electrons reaching the plasma is very small. This statement is very important since

it is the basis of the floating potential technique.

8.3.1 Wall temperature dependence

Once the virtual cathode is established, the value of Vvc can be obtained by introduc-

ing equation (8.13) into (8.12) and by evaluating it at xvc, where the electric field is

zero because of the definition of virtual cathode. Consequently, with equation (8.12)

evaluated at the virtual cathode position and imposing E = 0, we have:

0 =

(

1

1− α
+ ε

)

(
√

1 +
2φvc
1

1−α + ε,
− 1

)

+ (1− α)
(

e−φvc − 1
)

− αφvc (8.20)

where φvc = e(Vsp − Vvc)/kBTep.

Nevertheless, although the α parameter is a non-dimensional magnitude and it is in-

dependent of the emission mechanism of the wall, the key magnitude for the study of

the virtual cathode is the wall temperature. In the experiments, the wall emission is

controlled by the external change of the wall temperature, following the Richardson-

Dushman equation, [15], as we have mentioned in the previous chapter. For this reason,

the knowledge of how the virtual cathode potential changes with wall temperature is

the most important issue and it will be addressed in the present subsection.

In order to obtain the dependence Vvc(Tw), it is required to substitute the nRD expres-

sion in the previous equation (8.20) by means of the α parameter. The pairs of values

(α, φvc) can be determined by calculation of the roots of this new equation for different

values of α. With these magnitudes, choosing numerical values for n0, Vsp, Tep and Vw,

it is possible to calculate the corresponding Tw using the following expression

α =
jRD

e vw n0
exp

[

e(Vsp − Vw)− φvckBTep
kBTw

]

(8.21)

which is deduced by introducing equation nRD (8.5) in the α definition.

To obtain the values of Vvc for different Tw, we need to introduce Vw and the plasma

parameters, n0, Vsp and Tep, as the calculations are numerical. In our case, we have

used real plasma parameters measured with a collecting Langmuir probe and we have

considered argon as the ions, mi = 6.631 · 10−26 kg. With these data, we studied the

dependence of Vvc for four different values of Vw. The results are shown in figure 8.5,

where it is observed that the response of Vvc is essentially linear with Tw, with a neg-

ative slope that is smoothly dependent on the wall potential, Vw. The selected values

of n0, Vsp and Tep are those indicated in the figure. For Vw, the used values are lower

than Vsp, in order to be consistent with the assumptions of the model. For all these
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Figure 8.5: Dependence of the virtual cathode potential Vvc (a) and the potential difference

Vvc − Vw (b) on the wall temperature, Tw.

temperatures, the dependence is clearly linear and, for the moment, we do not have a

final explanation for this fact.

8.4 Summary of the main results of this model

In conclusion, a model to explain why the strong emission regime of an emissive Lang-

muir probe does not perturb the surrounding plasma has been analysed in this chapter.

Due to the high emission of the probe, a layer near the probe wall where the electric

field is zero, called virtual cathode, is assumed, this being dependent on the operation

temperature of the probe. When the emission is too high, the virtual cathode appears

and it prevents an incoming over-flow of emitted electrons into the plasma bulk.

In spite of the simplicity of the model, the phase diagram reproduces a potential struc-

ture containing a potential minimum, as figure 8.3 shows. At the same time, the

numerical results obtained from this simple model agree well with experimental data

for the temperature when the strong emission regime starts. However, the virtual cath-

ode needs a minimum wall temperature, Tw,c, in order to appear, as observed in figure

8.4. For wall temperatures below Tw,c, the virtual cathode does not exist and the po-

tential profile is the typical sheath of a non-emissive wall in contact with the plasma.

This supports the idea that the virtual cathode only appears when the emission of

an emissive Langmuir probe is high enough, because for low emissions, the emissive

Langmuir probe behaves as a collecting Langmuir probe, whose sheath is monotoni-

cally increasing from Vw to Vsp. On the contrary, for wall temperatures above Tw,c, the

virtual cathode does exist.

For high temperatures, the wall emits a large number of electrons and the plasma could

be perturbed if those electrons reach it. However, because of the potential well created

by the virtual cathode, only a small fraction of these electrons arrive at the plasma
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bulk. The existence of this potential well reduces the high emitted electron density

and, although the emissive probe works in the strong emission regime, the plasma is

not perturbed by the emission of the probe. This virtual cathode can be also related

to the effective electron population discussed in chapter 5 and in reference [20].

Finally, the linear dependence of the potential well, Vw−Vvc, on the probe temperature

remains unexplained and requires a deeper inspection. This, and the improvement of

the model with more appropriate assumptions, will be a future way to a better under-

standing of the non-perturbation of the bulk plasma by a strongly emitting emissive

probe.
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CHAPTER 9

FLOATING POTENTIAL METHOD IN DUSTY

PLASMAS

As mentioned in references [53] and [111], dust is present in almost all plasmas, both

in nature and in the laboratory. Although plasmas used in this dissertation present

a classical response, and we consider the presence of impurities to be a minor issue

to be taken into account, the previous statement leads us to wonder how dust could

affect our measurements. Because of this, in this chapter a numerical calculation of

the floating potential method of the emissive probe is carried out for a non-classical

plasma, to determine whether the presence of dust could modify the measurements of

VF .

The study consists of the determination of VF − Vsp for an emissive probe in plasmas

with different densities of dust, nd, and average grain radius, rd, considering the usual

parameters Ti, Tep and ni. The results show that a very large dust density is required

to obtain a voltage difference that can be observed by our experimental set-up, and

therefore, our measurements are not affected by charging of dust particles.

9.1 Introduction

Dusty plasmas are formed by electrons, ions and relatively large charged grains. These

latter become charged positively or negatively when they are immersed in a plasma.

Usually, the acquired charge is negative due to higher velocities of the electrons. There-

fore, the roles are, in a certain sense, reversed with respect to ordinary plasmas: the

ion velocities are now higher than the negatively charged grains. This is to say that

grains play the role of negative charges in the plasma and they are very slow due to

their large mass md ≫ mi,me.

The density nd of the dust grains is an important parameter, as well as their size, to

analyse dusty plasma dynamics. This density nd is proportional to the mean distance

between grains, a. The relation between the Debye length, λD, and this intergrain
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distance determines the importance of the charged grains in the collective plasma de-

scription. If the Debye length is λD ≪ a, it can be considered that the grains do not

affect eh dynamics. The dust grains behave as a Langmuir probe immersed in the

plasma, indeed there are descriptions of plasmas where the particles are employed as

probes [112], [113], [114], especially to characterize plasma sheaths. However, when the

Debye length is larger than the intergrain distance λD ≫ a (case of figure 9.1), the

grains are involved in the collective behaviour of the system and thus, the plasma is

strictly called a dusty plasma with electrons, ions and grains.

In the previous chapters, emissive probes have

Figure 9.1: Scheme to illustrate the

relation between the scale lengths in-

volved in a non-isolated dusty plasma.

been studied in classical plasmas for determining

the plasma potential by means of the floating po-

tential technique. As a natural step forward, we

wonder if this method still operates in a dusty

plasma. Several works have dealt with the diag-

nostics of dusty plasmas with collecting Langmuir

probes, [115], [116] or [117], and here we want to

extend the analysis of emissive probes by applying

the floating potential method to plasmas different

than the classical ones. Our aim is to determine

if the emissive probe method is reliable and useful

when dust is present in cold low density plasmas,

as well as if a possible presence of dust might alter

our plasma potential measurements.

For the following analysis of different non-classical plasmas, some initial hypothesis are

assumed. First of all, since plasma electrons are much faster than ions, dust grains

are considered negatively charged with their surface potential denoted as Vd, assuming

Vd < Vsp where Vsp is the plasma potential, as in previous sections. In addition, for

further calculations, the φd magnitude will be used, φd = Vd − Vsp. In this case, for a

dusty plasma with single charged ions, the quasi-neutrality equation reads

eni − ene + qdnd = 0 (9.1)

where nd and qd are the grain density and charge, respectively. This latter can be

expressed as qd = 4πǫ0rdφd, considering the dust grains as conductive spheres with

radius rd, [118].

Taking qd = −eZd < 0 (Zd is the number of charges), assuming Maxwellian plasma elec-

trons and considering the ions in orbital motion limited, the electron and ion currents

can be written as the well-known expressions [51]
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Ie = 4πr2de
ne
4

√

8kBTep
πme

exp

(

eφd
kBTep

)

Ii = 4πr2de
ni
4

√

8kBTi
πmi

(

1−
eφd
kBTi

)

(9.2)

If we consider that the dust grains are not draining current, and in consequence their

surface potential satisfies the floating potential condition, as happens in a Langmuir

probe, we can apply Ie = Ii to the previous equations. As a consequence, the ion and

electron densities are related by

ne = ni

√

me

mi

√

Ti
Tep

(

1−
eφd
kBTi

)

exp

(

−
eφd
kBTep

)

(9.3)

which provides a relationship for φd by taking into account the quasi-neutrality equation

√

mi

me

√

Tep
Ti

exp

(

eφd
kBTep

)[

1 +
qdnd
eni

]

+
eφd
kBTi

− 1 = 0 (9.4)

This equation gives the dust potential φd when grains are immersed in a plasma whose

parameters are Tep, Ti, ni, nd.

9.2 Emissive probe floating potential shift for dusty plas-

mas

To extend our analysis of the floating potential method to dusty plasmas, firstly, we

make use of the observed reduction of the electron and ion saturation current of an I-V

curve for a Langmuir probe when dust is present. This effect has been previously ob-

served and employed for the determination of dust charging in several works [118–121].

The grains collect plasma electrons and ions. Hence, these particles do not reach the

probe and they are not collected. Referring to this reduction of the collected current,

the authors proposed the parameter η and we shall use this notation in order to be

coherent with their work, since it has been the basis of our analysis:

η =
Ies,d/Ies
Iis,d/Iis

(9.5)

In this latter expression, Ies,d and Iis,d are the electron and ion saturation currents in

the dusty plasma case, respectively. In a conventional plasma, the corresponding elec-

tron and ion saturation current are Ies and Iis. Consequently, the subindex ,d makes

reference to the dusty case, and therefore, the η parameter in fact compares the dusty

plasma and the conventional plasma saturation currents. The reader should not con-

fuse the currents Ie and Ii of equation (9.2) which concern the grain currents, with Ies,d
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and Iis,d which are the currents collected by a Langmuir probe.

Before continuing our discussion, it is worth mentioning that, in the previous refer-

ences, the authors used collecting probes rather than emissive ones. Nevertheless, we

conjecture that for emissive probes the I-V curves are also affected by the presence of

dust grains. These latter collect ions and electrons from the plasma, reducing the values

of Ies and Iis with respect to the non-dusty plasma. As a consequence, for emissive

probes, we will develop an analogous study as that done by the authors for collecting

Langmuir ones in the mentioned papers [118,120,121].

Assuming that the ion and electron velocities are not severely affected by the presence

of dust grains, < v >,d≃< v >, but they modify the densities, equation (9.5) reads

η =
ne,d q < v >e,d S

ne q < v >e S
·
ni q < v >i S

ni,d q < v >i,d S
=
ne,d/ne
ni,d/ni

=
ne,d
ni,d

(9.6)

where, in the case of non-dusty plasma, ni ≃ ne ≡ n0. Thus, the η parameter is used

to rewrite the quasi-neutrality condition as

qdnd
e

= ni,d

(

ne,d
ni,d

− 1

)

= ni,d (η − 1) (9.7)

Now, by taking into account that the thermal velocity of the plasma electrons is higher

than the corresponding one for ions, Tep ≫ Ti, we can consider that the grains affect

the electrons rather than the ions. This assumption is supported by experimental I-

V curves presented in [118, 121]. Therefore, we assume that ni,d ≃ ni = n0, which

means that the bulk plasma ion densities for the dusty and the conventional plasma

are similar. This leads to Iis,d ≃ Iis and finally to η = Ies,d/Ies. With this result, the

ratio of the electron saturation currents can be expressed as

η ≃
Ies,d
Ies

= 1 +
qdnd
eni

−→ Ies,d = Ies

[

1 +
qdnd
eni

]

(9.8)

Hence, the electron saturation current in the dusty plasma is related to the corre-

sponding Ies of the non-dusty plasma by means of the η parameter. Making use of

this expression and coming back to the equation which describes the floating potential

method (5.3), we can write

VF − Vsp =
kBTep
e

ln

[

Ird(Tw) + Ici
Ies,d(Tw)

]

=
kBTep
e

ln

[

Ird(Tw) + Ici
Ies(Tw)(1 + qdnd/eni)

]

=

=
kBTep
e

ln

[

Ird(Tw) + Ici
Ies(Tw)

]

−
kBTep
e

ln

[

1 +
qdnd
eni

] (9.9)

It can be seen that the only influence of the dust grains on the potential shift comes

from the second term and this means that the effect of the dust is a separated contri-

bution; with no dust, the expression recovers the classical form.
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This is an important consequence because the floating potential shifting of the emissive

probe concerns two factors: the usual response found in chapter 5 and a new contribu-

tion due to the presence of grains. This last term of the equation will be denoted by

∆Vd, and it will be studied in the next section.

∆Vd ≡
kBTep
e

ln

(

1 +
qdnd
eni

)

(9.10)

Consequently, a comparison between the shifting of the floating potential for plasmas

with and without dust grains (VF,d and VF respectively) can give information about

the importance of dust. This issue is analysed in the following section.

9.3 Numerical results

A difference in the floating potential of our emissive Langmuir probes could be ob-

served experimentally if this shifting is at least of the order of 1 V. In this section we

focus on determining cases when |∆Vd| ≃ 1 V, where ∆Vd is defined in the previous

equation (9.10). In particular, we will investigate the change of ∆Vd with the variation

of parameters such as Tep, ni, rd and nd. For this, the following set of equations

qd = 4πǫ0rdφd
√

mi

me

√

Tep
Ti

exp

(

eφd
kBTep

)[

1 +
qdnd
eni

]

+
eφd
kBTi

− 1 = 0
(9.11)

is used in order to obtain the corresponding values of qd and φd.

9.3.1 Effect of grains on the floating potential shifting of emissive

Langmuir probes

This analysis consists of the study of the variation of ∆Vd as a function of the grain

density and the grain radius. For this, we will investigate the modification of ∆Vd
for plasmas with similar conditions to our laboratory plasmas, where Ti = 300 K,

Tep = (0.75− 1.25) eV and n0 = (1013 − 1014) m−3. The values of the grain radius and

dust density considered are:

rd = (10−6, 10−4, 10−2) m nd = (102, 105, 108, 1010) m−3

The numerical values of ∆Vd for cold low density plasmas, when the dust density is

changed are presented in two different ways. Firstly, we present how ∆Vd changes with

n0 for different values of Tep. For these cases, in each set of calculations, the fixed

parameters are the dust density nd and the radius of the grain rd. The discussions

of the results are also included following the representation of the data. After this,

a new series of data are presented for the mean temperature of our cold low density

plasmas Tep = 1 eV. For this temperature and for a fixed rd, the change of ∆Vd with n0
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is analysed for different nd. These results are illustrative and clear for understanding

the effect of the dust population. We summarize here the parameters of the following

figures in table 9.1.

Figure Grain radius Dust density m−3 Electron temperature

9.2 10−6 m (102, 105, 108, 1010) (0.75 − 1.25) eV

9.3 10−4 m (102, 105, 108, 1010) (0.75 − 1.25) eV

9.4 10−2 m (102, 105, 108, 1010) (0.75 − 1.25) eV

9.5 10−6 m (102, 105, 108, 1010) 1 eV

9.5 10−4 m (102, 105, 108, 1010) 1 eV

Table 9.1: Summarize of the parameters of the figures presented in the present section.

We should mention here the grain size rd = 10−2 m is not a realistic situation, due to

the weight of these grains is too large. In addition, a simple calculation shows that, for

densities nd > 105 m−3 and without considering space between the grains, the volume

occupied by these grains only is larger than the vacuum chamber. Therefore, this situ-

ation of rd = 10−2 is clearly unphysical. However, we include it as an extreme case of

this numerical analysis. The reader should keep in mind that these situations, where

rd = 10−2 and nd = 105, 108, 1010 m−3, are impractical.

We start with the smallest radius of the grain particle, whose results are shown in figure

9.2. From them, it is clear that the floating potential of the emissive Langmuir probe is

smoothly affected by grains of this size when the density nd is small (nd ≪ n0). Even

for dust density values close to 108 m−3, the potential shifting reaches one hundredth

of a volt, which is almost imperceptible by common experimental setups. However,

when the density of dust is extremely high, essentially comparable with the ion density

nd = 1010 m−3, the potential shifting would be detectable by the probe, and therefore,

the floating potential of the probe might be modified.

This response of the probe is also presented for the other rd values. Here, the values

of |∆Vd| increase as the radius increases. As can be seen in figures 9.3 and 9.4, the

shifting ∆Vd becomes more important for higher densities of dust grains. In both sets

of figures, |∆Vd| reaches values slightly below 1 V for the lowest density. However, for

the high densities nd = 108 and nd = 1010 m−3, the shifting is about volt.

These results conclude that the floating potential of an emissive probe could be modi-

fied by the presence of dust grains under two situations: for high dust densities or for

large dust particles. The studied cases accounts also for the extreme situation of dust

particles of rd = 10−2 m. This size is of the same order of magnitude of our common

Langmuir probes, and consequently, it is important to realize that this situation is un-

real. At the same time, the highest density nd = 1010 m−3 is a highly value for this

magnitude and it influences the response of the plasma, due to the ratio nd/ni is one
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(a) (b)

(c) (d)

Figure 9.2: Value of ∆Vd for plasmas with Tep = (0.75−1.25) eV and n0 = (1013−1014) m−3

for different values of dust density nd. The ion temperature is Ti = 300 K and the grain radius

is rd = 10−6 m. The corresponding values of qd and ∆V have been obtained by numerically

solving the set of equations (9.11).
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(a) (b)

(c) (d)

Figure 9.3: Value of ∆Vd for plasmas with Tep = (0.75−1.25) eV and n0 = (1013−1014) m−3

for different values of dust density nd. The ion temperature is Ti = 300 K and the grain radius

is rd = 10−4 m. The corresponding values of qd and ∆V have been obtained solving numerically

the set of equations (9.11).
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(a) (b)

(c) (d)

Figure 9.4: Value of ∆Vd for plasmas with Tep = (0.75 − 1.25) eV and n0 = (1013 − 1014)

m−3 for different values of the dust density nd. The ion temperature is Ti = 300 K and the

grain radius is rd = 10−2 m. The corresponding values of qd and ∆V have been obtained by

numerically solving the set of equations (9.11).
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of the main parameters concerning the behaviour of the dusty plasma.

As seen in these figures, for low nd densities the value of ∆Vd is not relevant, even

in the maximum point corresponding to the lowest tested density ni = 1013 m−3 and

the highest electron temperature Tep = 1.25 eV (situation (a) of each set of figures).

Nevertheless, |∆Vd| becomes higher as the dust density increases, reaching values above

1V for high densities nd = 108 − 1010 m−3. In these cases, the density nd is close to ni
and therefore, the effect of the dust grains might be perceptible for the emissive probe.

An additional observation should be done concerning the change of the dependence

illustrated for high density nd, where ∆Vd becomes smoother and almost independent

on n0. For explaining this, we will pay attention to the fact that the selected values of

nd influence the intergrain distance. Following section 2.3, for our usual densities and

temperatures ranges, the Debye length is around λD = (0.6−3.0)·10−3 m. By consider-

ing the intergrain distance as the inverse of the dust density, we find for the two lowest

studied dust densities a = 10−2, 10−5 m, the dust grains can be treated as isolated

grains, since a ≪ λD. However, for the two highest densities, where a = 10−8, 10−10

m, the intergrain distance is much higher than the Debye length. Therefore, the dust

grains could not be considered as isolated and they contribute to the collective be-

haviour of the plasma. We suspect this is one of the reasons why the VF of the probe

changes its dependence on n0 for the highest values of nd.

It is interesting to realize that for the smallest radius in figures 9.2 and for the lowest

dust densities, the potential shifting is |∆Vd| ≃ 10−9 − 10−8 V . This shifting is almost

imperceptible and it could be considered that the grains do not affect the floating po-

tential in practice. This could be understood in the same way as in those situations of

low nd, the floating potential shifting is due to the ions and electrons particles of the

plasma, as well as the emission of the probe. As mentioned before, for low nd, the grains

can be considered as isolated particles, thus we can still consider the grains behaving as

collecting probes. The electric field created by a charged grain is shielded by the plasma

species and consequently, the probe current is not affected by the grains. The grains do

not have enough influence to attract sufficient plasma particles to experience a change.

However, this situation reverts when the density becomes higher and nd approaches

ni
1. In these cases, the potential shifting moves towards 0.1 V, and we can consider the

influence of the grains becomes important and their influence on the VF offset increases.

To stress the importance of the increasing dust density, we present some results in

figure 9.5. In these figures, the electron temperature is Tep = 1 eV and in each plot the

change of ∆Vd with nd for the realistic values of rd are presented. In all of them, it can

be observed how the value of ∆Vd becomes more negative (although the absolute value

increases) when the density nd rises as well as when n0 decreases. It is also clear that

for a small radius rd, the dust density should be very large to obtain an appreciable

∆Vd. However, for rd = 10−4 − 10−2 m, the required dust density to attain |∆Vd| is

1This ratio never can be equal to one due to the quasi-neutrality equation.
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nd & 108 m−3.

(a) (b)

Figure 9.5: Influence of the grain radius change in our plasmas with typical plasma parameters.

The ion temperature taken is Ti = 300 K.

Finally, we want to present the values of the electron temperature which would be

needed to observe a shifting of |∆Vd| ≃ 1 V. This temperature will be denoted by Tep,r,

and it is calculated for the most common radius of the particles rd = 10−6−10−4 m. It

has been seen previously that |∆Vd| > 1 for rd = 10−2 m, but as mentioned previously,

this value for the radius is not very realistic for cold low density dusty plasmas. For

this, we present table 9.2 where the results of Tep,r corresponding to |∆Vd| & 1 V are

numerically calculated for rd = 10−6 m and rd = 10−4 m.

Conditions for |∆Vd| & 1 V for cold low density plasmas

Grain radius Dust density Required temperature

10−6 m 102 m−3 ≈ 25000 eV

10−6 m 105 m−3 ≈ 500 eV

10−6 m 108 m−3 ≈ 10 eV

10−4 m 102 m−3 . 2000 eV

10−4 m 105 m−3 ≈ 30 eV

Table 9.2: Required electron temperatures for rd = 10−6 − 10−4 m and different

densities nd.

It is worth mentioning that the required temperatures for rd = 10−6 m are several or-

ders of magnitude higher than the plasma electron temperature and plasmas with these

characteristics could not be included in the category of cold plasmas. Consequently, we

can state that for our low density cold plasmas, the dust presence with typical magni-

tudes rd = (10−6 − 10−4) m and nd = (102 − 105) m−3 does not affect measurement

of the floating potential and therefore, this VF technique should be reliable in such

plasmas, even in presence of dust.
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9.4 Main results

In conclusion, we can summarize the results obtained from this numerical study in the

following items:

• The dust density nd is a crucial parameter in order to produce an observable

shifting with respect to a dust free plasma in the floating potential of an emissive

probe operating in a dusty plasma. The required nd lies in the range nd ≃ 108 −

1010 m−3 for our cold plasmas, with Tep = (0.75−1.25) eV and n0 = (1013−1014)

m−3, when ions are cold.

• The variation of nd affects the dependence of ∆Vp with the ion density change.

• The grain size rd is an important parameter and it causes ∆Vp to increase when

rd rises.

• For our cold low density plasmas, the required electron temperature to have

∆Vp > 1 should be of order of Tep,r ≃ 25000 eV for low dust densities and small

grain sizes. This predicted Tep,r is reduced as the density is increased.

Therefore, we are in position to conclude that the floating potential method of an emis-

sive probe is also applicable to dusty plasmas, under certain conditions. In addition,

the VF shifting in our experiments are not influenced by the possible presence of dust

grains, because the possible corresponding shifting would be below 0.001 V.

However, future works are required for the comparison of these theoretical and numeri-

cal results with the experimental data, and this constitutes one of the main future lines

of the research developed in this dissertation, concerning the emissive probe operation

in non-classical plasmas, which is outside the scope of this preliminary analysis made

for this dissertation.
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CONCLUSIONS

The operation of the cold and hot emissive Langmuir probes has been investigated in

this dissertation. The experimental part has been carried out using the experimental

facility introduced in chapter 2, which consists of two plasma sources. The first one

is an ion thruster and the latter is a glow discharge plasma. The I-V curves of the

probes were recorded by a fast sweep system and created after analysis of the probe

bias potential and current, Vp and Ip respectively. The condition concerning the zero

net current of the probe corresponds to the floating potential of the probe, denoted by

VF .

For the discussion of the emissive probes performances, three operation regimes have

been defined with regard to the electron emission levels of the probes. Firstly, for low

probe temperatures or consequently, low electron emission currents, the weak emission

regime is found, where the ELP essentially acts as a collecting probe. When probe

electron emissions cannot be neglected, the operation mode corresponds to the strong

emission regime. Finally, when the probe temperature is sufficiently high, a third opera-

tion regime appears, denominated in this dissertation as beyond strong emission regime.

The classical theory, discussed in chapter 4, asserts the emissive Langmuir probes emit

thermionic electrons according to the Richardson-Dushman equation. However, for

high operation temperatures our experimental measurements of the I-V curves for an

ELP operating in vacuum, as well as in cold low density plasmas, becomes much higher

than Richardson-Dushman predictions. This deviation takes place when the probe op-

eration changes from the weak to the strong emission regime, and this phenomenon of

super-emission has been discussed and accounted for the modification of the distribu-

tion function of the emitted electrons in section 4.3.

A second empirical proof of the existence of the operation regimes of emissive probes

is related to the measurements of the floating potential VF as a function of the probe

temperature, Tw. In the weak emission regime, the electron emission of the probe is

low enough to be negligible and the floating potential remains constant, independent
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of the probe temperature as in the collecting probe case. When emission is relevant,

the floating potential shifts towards the plasma potential, Vsp. This is the strong emis-

sion regime which exists until the emission causes the floating potential to reach Vsp.

When this value is exceeded by the biasing probe Vp > Vsp, a third regime appears, the

so-called beyond strong emission regime.

To investigate the weak and strong regimes, in chapter 5 the parameter R = jrd(Tw)/jes
has been employed to quantify these regimes. This ratio accounts for the relation be-

tween the thermionic emission of the probe, jrd, and the electron saturation current

density, jes. The parameter R relies on the probe temperature through jrd according

to the Richardson-Dushman law.

Regarding the classical theory of emissive probe operation, R should be essentially zero

for low probe temperatures. When emission becomes important, R grows displacing

the floating potential of the emissive probe closer to the plasma potential. Finally,

when R = 1 the floating potential reaches the plasma potential VF = Vsp. However,

our experimental data, obtained for cold low density plasmas, do not agree with this

basic theory, because the R parameter reaches values higher than 1 for the tempera-

ture corresponding to VF = Vsp. This situation is outside the validity of the traditional

model which explains the operation of the emissive Langmuir probe for Vp < Vsp. Addi-

tionally, the accepted emissive probe theory cannot answer another experimental issue:

the dependence of the electron saturation current on the probe temperature, observed

in the experiments discussed in chapter 5.

For both reasons, a new model for the currents involved in the operation of the ELP is

proposed with three main features. Firstly, the electron saturation current of the ELP

is considered dependent on the filament temperature, following the proposed empirical

equation of chapter 5. This expression agrees with the measurements of the electron

saturation current and it characterizes the response of the emissive probes. Secondly,

a new effective electron population of returned electrons is considered, with a temper-

ature higher than the wire and plasma electron temperatures. Finally, it is considered

that a fraction of the electrons emitted by the probe return and are collected by the

ELP .

The introduction of this new model entails a modification of the previous ratio R of

emitted and collected electron currents by a new parameter R∗. This latter solves the

inconsistency of R > 1, and for operation temperatures Tw below the saturation point,

the probe floating potential always lies below the plasma potential. In this sense, we

can say that the new model is in good agreement with the experimental data of the

floating potential. However, the origin of this empirical population currently remains

as an open question.

Nevertheless, the floating potential method is an accurate procedure for measuring the

plasma potential, as discussed in chapter 3. Although alternative techniques for mea-

114



suring Vsp by emissive probes have been studied, such as the separation or the inflection

point methods, our experimental results indicate that, in our cold low density plasmas,

the most reliable technique is the floating potential method.

Chapter 6 provides a thorough analysis of the experimental issues involved in the float-

ing potential method for cold low density plasmas. A cross-check between the different

measurements of Vsp by emissive and collecting probes concludes that the most accurate

value of the plasma potential is obtained by the measurement of the floating potential of

the emissive probes. In particular, within the two methods for obtaining VF , the most

reliable is the direct measurement method, which makes use of the circuit of figure 6.6b.

When using the indirect measurements of the ELP floating potential, I-V curves are

necessary. In our case, the Ip and Vp data are recorded by a digital oscilloscope, whose

signal conditioning has been analysed. In section 6.1, we conclude that the appropriate

signal coupling of the oscilloscope is the DC coupling mode because it does not remove

the DC components of the involved signals. Additionally, for low density plasmas, the

noise is also an important issue to consider. The small currents involved in the floating

condition for low density plasmas, result in poor signal to noise ratios SNR, which

should be carefully addressed.

For the floating potential condition, the measuring system acts as an infinite load resis-

tance which cancels the net probe current. When VF is obtained from the I-V curves,

the measuring system employed has an inner impedance. The finite value of this resis-

tance causes the obtained VF (which is the intersection between the I-V trace of the

probe and the load line of the circuit) to be inaccurate and differs from the ideal infinite

case. On practical grounds, the only system to measure VF with infinite resistance is

circuit 6.6b, where the current Ip is manually set to zero. Additionally, the departure

between the VF values obtained by the direct and indirect techniques of the emissive

probe might be a consequence of other factors, such as poor signal-to-noise ratio for

low probe temperatures.

The last experimental issue discussed in chapter 6 is the grounding of the electrical

circuits employed by the probes. All equipment require a local electrical ground or ref-

erence electrode, RE. Three choices have been studied: the grounded vacuum chamber

walls and two plasma exposed electrodes. One of them belongs to the electrical circuit

of the plasma source (the extraction grid), as well as the other is independent on this

circuit (a biased metallic plate). The first one is not appropriate as RE because its bias

potential affects the parameters of the plasma plume. Therefore, it might not allow

comparisons of plasmas with different properties. On the other hand, taking a metallic

biased plate as RE, the I-V curves present a high level of noise and the identification of

the floating potential becomes difficult and inaccurate. Consequently, the results show

that for the ion thruster circuit, the most convenient choice for RE corresponds to the

walls of the grounded vacuum chamber.
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The strong emission of the probe introduces an additional concern, the extent of plasma

perturbation by the electron thermionic current. This issue is of particular relevance

for low density plasmas. However, in spite of the large electron emissions, the probes

provide reliable measurements of Vsp. This fact could be explained by the development

of a new structure of electric potential around the probe surface, where a virtual cath-

ode appears. In chapter 8, we discuss a simple model for Vp < Vsp which accounts

for the emitted electrons and the charged species from the plasma. A minimum of

potential surface, where the electric field is zero, is formed when the probe temperature

is high enough. This threshold temperature is dependent on the plasma parameters

and the numerical results obtained from this model agree with the experimental data

for the temperature when the strong emission regime starts. This new potential struc-

ture with a virtual cathode would reject a fraction of the emitted electrons and these

might be collected by the wall. Such a potential structure would explain why the bulk

plasma remains unaffected by the large currents of the strong emission regime of ELP .

However, this model should be completed with additional considerations, in order to

obtain a better comprehension of the influence of the probe when it works in the strong

emission regime.

Finally, the floating potential technique is also useful for dusty plasmas as discussed

in chapter 9. The presence of dust offsets the floating potential of an emissive probe,

and this deviation from the conventional case has been calculated for different situa-

tions. The results show that for cold low density plasmas, the presence of small grains

(rd = 10−6 − 10−4 m) would be detected by the probe when the dust density is very

high nd ≃ 1010 m−3. To observe a displacement proportional to 1 V, the requirements

are big grains (rd = 10−2 cm) whose size is extreme, or large dust densities nd ≃ 1010

m−3. However, as these two situations are not very usual, we can conclude that for our

low density plasmas, the presence of dust does not affect the floating potential of the

probe within error bars.

10.1 Future lines of research

The study of the Langmuir probes operation in cold low density plasmas should be

continued in order to have a better understanding of this topic. We mention here a

number of future issues to investigate.

Firstly, the origin of the effective electron population collected by the probe pro-

posed in chapter 5 should be clarified and thoroughly addressed. At the moment,

this Maxwellian population with a new temperature allows the theory to agree with

the experimental data. However, the origin, as well as the actual distribution function

of these particles, is not clear.

In addition, the study of the thermionic emission of the ELP should be continued to find

the correct expression which describes the experimental results of the super-emission
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observed in chapter 4. The perturbation of the surrounding plasma is closely linked to

the emission of the probe, and consequently, to the understanding of the thermionic

emission law of the probe. This implies the need for more data obtained from other

plasmas and from other designs of emissive probes, to define the super-emission phe-

nomenon.

The model discussed in chapter 8 is closely connected to this last issue. We are aware

of the strength of some hypothesis and this one dimensional model should be further

completed with additional considerations. A thorough model for the potential structure

of the emissive probe when it works in the strong emission regime will be necessary for

the complete understanding of the operation of these electric probes.

Finally, the calculations of the floating potential offset due to the presence of dust

grains should be experimentally cross-checked. In this dissertation only the numerical

results have been discussed, but the considered hypothesis and the obtained results

should be compared with empirical tests.

117



CHAPTER 10. CONCLUSIONS

118



APPENDIX A

DETERMINATION OF THE PROBE TEMPERATURE

As we have seen in chapter 5, the floating potential is shifted from the plasma potential

by a separation that is proportional to the ratio between the emitted and the collected

electron currents, jrd/jes. For high emission levels, floating potential achieves a sat-

uration point which gives the plasma potential (neglecting the space charge effects).

Therefore, the magnitude to measure is the floating potential of the emissive probe,

VF , corresponding to different operation temperatures, Tw.

In the experiments, the probe emission is controlled by the external change of the

probe temperature by means of the Richardson-Dushman equation. However, the probe

temperature cannot be directly modified, although it can be related to other controllable

magnitudes such as the wire voltage, [95] or the probe heating current, [122]. In our case,

the probe temperature Tw is obtained by means of Ih,em making use of the following

expression, presented in references [19,38]

Tw = T0 + a

(

Ih,em

d3/2

)b

(A.1)

being d the wire diameter of the probe, expressed in centimetres and expressing Ih,em
in Ampers. The constants T0 = 204.35 K, a = 29.50 K and b = 0.59 were obtained by

the fitting of the experimental data from reference [76]. For our experimental values,

the error of this expression for the temperature of the probe is ±15 K.

As mentioned in chapter 5 when the effective surface of the probe was discussed, the

actual experimental value of the probe area is very difficult to know. When the probe

is built, the dimensions of the wire which will be exposed to the plasma are measured

and it is well established. However, as the probe is operated some unavoidable factors

might modify the probe surface. These effects include the evaporation of the probe,

possible sputtering or non-controlled cooling down are a source of uncertainty which

make the determination of the probe temperature more difficult.

Finally, a table with the equivalences between the heating current and the probe tem-
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perature is presented. Along the dissertation, these two magnitudes have been equally

employed, and in order to help the reader, we have included the table A.1.

Ih,em (A) Tw (K) Ih,em (A) Tw (K) Ih,em (A) Tw (K)

0.70 1920 0.87 2155 1.04 2370

0.71 1935 0.88 2165 1.05 2385

0.72 1950 0.89 2180 1.06 2395

0.73 1960 0.90 2195 1.07 2405

0.74 1975 0.91 2205 1.08 2420

0.75 1990 0.92 2220 1.09 2430

0.76 2005 0.93 2230 1.10 2445

0.77 2020 0.94 2245 1.11 2455

0.78 2030 0.95 2260 1.12 2465

0.79 2045 0.96 2270 1.13 2480

0.80 2060 0.97 2285 1.14 2490

0.81 2075 0.98 2295 1.15 2500

0.82 2085 0.99 2310 1.16 2515

0.83 2100 1.00 2320 1.17 2525

0.84 2115 1.01 2335 1.18 2540

0.85 2125 1.02 2345 1.19 2550

0.86 2140 1.03 2360 1.20 2560

Table A.1: Correspondence between the heating current and the probe temperature,

obtained by means of equation (A.1).
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APPENDIX B

INDIRECT MEASUREMENTS OF THE FLOATING

POTENTIAL

In this appendix we present the experimental data concerning the comparison of the

direct and indirect measurements of the floating potential. The main conclusions of the

results were discussed in chapter 6. However, we have included here a more extensive

revision of the data. As mentioned in chapter 6, in all the figures along this appendix,

the blue solid bullets represent the measurements obtained by the electrical circuit of

6.6b, and the data from I-V curves are plotted as red solid squares. The Vsp value

obtained by the collecting probe is represented by the horizontal green line.

B.1 Ion thruster plasma measurements

With regard to the measuring circuit grounded to the vacuum chamber walls, the re-

sults are shown in figure B.1a. In these plots, a comparison of the behaviour of VF for

different probe temperatures of operation, Tw, is presented. Figure B.1b illustrates the

results obtained when the extraction grid of the ion thruster is RE. Finally, the data

corresponding to the external biased plate are shown in figure B.1c. The voltage of the

plate is Vb,plate = 30V . Additionally, we include two more sets of measurements with

different values of the plate biasing in figures B.2. These data are those employed for

the discussion followed in section 6.3.

As can be observed, for plate grounding, the offset between the blue and red data of

figures B.2a and B.2b is mostly similar for all cases, but the voltage values of VF are

not the same. This is due to the different potential of the RE, i.e., the biasing of the

plate. This is an issue in connection with the grounding problem addressed in section

6.4.
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(a) Vacuum chamber walls (b) Extraction grid

(c) Biased plate (Vb,plate = 30V )

Figure B.1: Comparison of direct/indirect measurements of VF for different Tw of an emissive

probe grounded to (a) the walls of the vacuum chamber, (b) the extraction grid of the ion thruster

and (c) an external plate. The horizontal line is the Vsp obtained by the collecting Langmuir

probe.

(a) Vb,plate = −30V (b) Vb,plate = 50V

Figure B.2: Comparison of direct/indirect measurements of VF for different Tw of an emissive

probe grounded to the plate. The horizontal line is the Vsp obtained by the collecting Langmuir

probe.

B.2 Glow discharge measurements

We finally present the second set of measurements carried out in the glow discharge,

described in chapter 2. In figure B.3 two data sets of VF = f(Tw) for a glow plasma are
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presented. The behaviour of VF = f(Tw) is analogous to that seen for the ion thruster

plasma. Again the blue and red data appear offset and the previous arguments also

apply to this case. Nevertheless, the problem of noisy I-V curves is now emphasized

and distorts the curves near the floating potential, giving less accurate values of VF .

This is indicated by the large error bars for the lowest temperatures Tw in the indirect

measurements of VF .

(a) (b)

Figure B.3: Comparison of the behaviour of VF for different heating currents Ih,em, in a glow

plasma. In the figure the data of VF measured directly with the circuit 6.6b (blue bullets) and

the values of VF extracted from I-V curves (red squares) are represented.

This high level of noise is seen in figure B.3, where the error bars for the coldest tem-

perature of red curves are quite large. For the glow discharge plasmas presented here,

the error of VF for cold temperatures is much higher than the same error in the ion

thruster case, as observed either in figure B.3a and B.3b. Both figures show that the

determination of the floating potential becomes cumbersome for low temperatures, be-

cause the condition Ip = 0 A is accomplished in a very wide range of Vp values. This

makes the error bars of the VF values become extremely large. In fact, we can say that

the obtained values of VF for low temperatures of the probe in a glow discharge, the

measurements of VF are not conclusive due to the large bars illustrated in figures B.3,

and they should not be used to extract a definite conclusion.

123



APPENDIX B. INDIRECT MEASUREMENTS OF THE FLOATING POTENTIAL

124



APPENDIX C

LIST OF PUBLICATIONS AND CONFERENCES

Funding

This PhD Dissertation was supported by the Spanish Ministry of Education, Culture

and Sports under FPU Grant (Formación de Profesorado Universitario), reference

AP2010-1414. The preliminary work carried out in the Master’s Thesis leading to this

dissertation was funded by a Fellowship Grant for Master Studies from Obra Social La

Caixa.

Contributions to referred publications

1. J.L. Domenech-Garret, S.P. Tierno, and L. Conde. Evidence of enhanced

thermionic emission in metals. In preparation.

2. L. Conde, S.P. Tierno, J.L. Domenech-Garret, J.M. Donoso, M.A. Castillo, I.
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23o Encuentro Ibérico de Enseñanza de la F́ısica, Valencia (Spain) - 2013. Poster.

3. S.P. Tierno, J.L. Domenech-Garret, J.M. Donoso, B. Gimeno, V. Boria and L.

Conde, Análisis de la neutralización de los haces iónicos producidos por propul-

sores espaciales por plasma de baja potencia, XXXIV Reunión Bienal de la Real
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Valencia (Spain) - 2013. Poster.
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(Spain) - 2013. Poster.

5. S.P. Tierno, L. Conde, J.M. Donoso y J.L. Domenech-Garret, Introducción
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