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Executive Summary 

 

The goal of this MQP was to design, build, and test a chamber for creating and probing 

dusty plasmas. This was actually two distinct problems. First, the chamber had to be designed to 

create a plasma environment. Second, a mechanism needed to be developed that would dispense 

dust in a controlled fashion into the plasma. Due to their functional similarities, the initial design 

was based on an electron bombardment ion thruster discharge chamber using a thermionic 

filament cathode.  

 The chamber was designed to meet certain design requirements. Because the team had 

little practical machining knowledge it needed to be designed for ease of machining.  Also, it had 

to be designed to mount inside an existing vacuum chamber in Higgins Labs room 016. The final 

design was very similar in shape to other ion sources, consisting of an 8 in tall, 8 in diameter 

cylinder. The gas is injected into the cap of the chamber, from where it diffuses into the 

discharge chamber. A suspended filament cathode is used to ionize this gas and create the 

plasma. Rare earth magnets are also used to apply a Lorentz force to the electrons to increase 

their residence time in the gas and hence the number of ionizing collisions. The dust is also 

injected through a hole in the chamberôs cap. It then free falls through the discharge chamber and 

is charged through collisions with ions and electrons. At the bottom of the chamber, some of 

these dust particles fall into a diagnostic sensor (the Charge Detection Mass Spectrometer) that 

will measure their charge. Also, a Langmuir probe is used to collect data on the plasma to 

investigate its properties. 

Note: Certain materials are included under the fair use exemption of the U.S. Copyright 

Law and have been prepared according to the fair use guidelines and are restricted from 

further use 
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Almost all the manufacturing was done by the team. Simple parts were created using the 

various manual machines (such as mills and lathes) available in the Higgins Shops. More 

complicated parts were made using the Computer Numerically Controlled (CNC) machines. 

None of the team members had any practical machining knowledge before the start of this MQP. 

All training was done through short introductory courses and hands on experience in the shop. 

Though there were some minor problems due to the teamôs inexperience, all the parts needed to 

create the discharge chamber were created successfully.  

Over the three terms of the project, the team successfully researched, designed, and built 

the dusty plasma chamber and most of the Langmuir probe and CDMS diagnostics. 

Unfortunately, due to a mechanical problem with the vacuum equipment, the team did not get to 

test it. The team hopes to continue working on the experiment on a time-permitting, no-credit 

basis during the last academic term of 2008.  It is expected that the hardware will be used by 

undergraduate and graduate students in the future as well.  
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1. Introduction  

 Development of a Plasma Source with Integrated Particulate Injector and Charging 

Sensor, advised by Professor Blandino is a Major Qualifying Project whose purpose is to design, 

build, and test an apparatus to investigate particulate charging in a plasma.  The study also 

sought to investigate the sensitivity of charging to various plasma parameters. 

 One of the applications of this study is to improve the understanding of different 

spacecraft environments. The phenomena of particulate charging in a plasma is also relevant to 

magnetically confined plasmas for power generation and materials processing.  Understanding 

how a dusty plasma interacts with sensitive satellite equipment is critical in prolonging satellite 

life as well as understanding how it could possibly affect the data being gathered.   

 The study involved designing an apparatus which will allow the dropping of micron sized 

particles into an argon plasma.  This results in the charging of the particles and is intended to 

simulate a plasma environment one might encounter near a spacecraft in low earth orbit or in a 

plasma processing facility.  The sensors that will be measuring the plasma are the charge 

detection mass spectrometer (CDMS) and a plasma probe.  The CDMS will measure the charge 

of the particles being dropped through the argon plasma, whereas the plasma probe system will 

measure the electron temperature as well as the ion density. 

 Due to the conceptual similarity of the ñdusty plasma chamberò to an electron 

bombardment ion thruster (a kind of electric propulsion), there is much previous research on 

discharge chamber size and magnet placement among other optimization factors to assist in the 
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construction of the apparatus.  Research from those areas was used to understand rules of thumb 

to simplify the design of this complicated apparatus.  It also allowed the team to focus on 

building and gathering data instead of generating design criteria which are already established in 

the field of electric propulsion. The conceptual sketch of the discharge chamber can be seen in 

Figure 1. 

 

Figure 1: Preliminary Discharge Chamber Design 

 

 When the apparatus is constructed and functioning, the collected data will provide insight 

on plasma processes, and particulate charging.  Experiments will also help determine if the 

CDMS can be used to measure the charge of solid particles; it has been exclusively used for the 

charge of liquid droplets in electrospray experiments.  This apparatus will also support Professor 

Gatsonisô research, which will bridge his computational modeling of the dusty plasma with 

actual experimental data.  Our apparatus will provide the experimental data. 
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2. Prior Work  

 When studying plasma interaction with charged dust particles, it is critical to understand 

the physics of magnet placement around the discharge chamber.  Since ion propulsion shares 

many characteristics with our dust charging study, it was useful to find literature that provided 

insight to the design of the particular type of plasma source used in both electric propulsion and 

this experiment.  There were also rules of thumb that could be used for our particular study. 

 Bennet, Ogunjobi, and Menart from the Wright State University in Ohio published a 

paper titled Computational Study of the Effects of Cathode Placement, Electron Energy, and 

Magnetic Field Strength on the Confinement of Electrons.  This work investigated how 

permanent magnets in a ring-cusp configuration can keep electrons from being lost to the 

discharge chamber.  They did not study the electron energy or the magnetic strength.  However, 

they did examine the cathode placement magnet orientation, and the number of magnets through 

computational methods [1]. 

 The paper reports that as a general rule of thumb, ñthe magnetic circuit should be 

designed such that the largest gauss field line is closed.ò  It goes on to suggest that closing the 

largest gauss contour is best done though computational modeling, What the paper means is that 

though all field lines are closed, the magnetic field strength needs to be strong enough to contain 

the electrons sufficiently in the discharge chamber to maximize the ionization of the argon gas.  

Since there are many different variables that dictate the shape of the magnetic field lines, the 

computational modeling helps assess the relative importance of factors like the anode size, the 

strength of magnets needed, and magnet thickness which dictates the shape of the magnetic field 

lines.  The thicker the magnets, the straighter the magnetic field lines. [1]. 
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 There are also issues with the magnetic field having holes, or places in where the field 

intensity is low enough that the electrons can reach the anode before they have collided a 

sufficient number of times with neutral argon atoms.  This is caused by the magnets being too far 

apart.  This issue can be solved by doing proper computational models and having a sufficiently 

sized anode.  So, to summarize, it is required to have the largest gauss field line contained within 

the anode, and itôs also necessary to understand how the distance of the magnets affect the shape 

of the magnetic field. 

 To determine how well they were implementing the rules-of-thumb, the authors used two 

programs: PRIMA and MAXWELL 2D.  PRIMA is a computer program that uses the Monte 

Carlo method to simulate motion of particles in a domain through a magnetic field that the 

programmer defines.  The model results are within about 20% of the experimental results [1]. 

 On the other hand, MAXWELL 2D calculates the magnetic field produced by the ring 

magnets.  MAXWELL 2D uses Maxwellôs equations and computes the magnetic fields.  It will 

take a mesh and will iterate until the result converges.  Bennet et al. used MAXWELL 2D for 

data to input into PRIMA to come with a more accurate representation of the magnetic field and 

how it influences the electrons [1]. 

 The Write State paper also reports on a study of where to place the cathode.  The authors 

found that the position of the cathode had little to do with the ability of the magnetic field to 

confine the ions.  Two figures from the Wright State paper, are shown in Figure 2 below.  These 

are plots of confinement length vs. cathode position.  Confinement length is defined as the 

distance that the electron travels during its lifetime. One can see that the lines are horizontal; this 

is how the authors concluded that the confinement length and cathode position do not depend 
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upon each other.  They did not indicate any specific conditions where these are dependent upon 

each other. 

 

Figure 2: Cathode Position vs. Confinement Length [1] 

Copyright © 2007 by the American Institute of Aeronautics and Astronautics, Inc. 

 

Another parameter that was investigated was the magnetic field strength.  It was found 

that the thickness of the magnet as well as its location on the discharge chamber controls the 

field strength distribution.  In addition, the number of magnets affects the confinement length, 

which is indicative of how well the magnetic field contains the electrons within the chamber.  

Generally, the number of magnets increases as the confinement length decreases. For smaller 

confinement lengths the field is less able to contain electrons. As more magnets are introduced to 

the system, more cusps develop which increase the probability of an electron to escape the 

magnetic field. The paper recommends that it is best to have two rings of magnets instead of 

three because the third adds another cusp in the magnetic field for the electrons to hit the 

discharge chamber.  This would reduce the overall apparatus efficiency [1]. 
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3. Background 

3.1 Electricity and Magnetism 

 This section provides a brief review of some basic relationships in electricity and 

magnetism that will be used in the project.  Coulombôs law describes the resultant force of two 

charged particles.  Two particles having charges q1 and q2 are separated by distance r and the 

electrostatic force is equal to 

 

k is the electrostatic constant,   [2].  If the two charged particles have similar 

charges, i.e. both are positively or both are negatively charged, then they exert a repulsive force.  

If they have opposite charges, one negatively charged and one positively charged, then there is 

an attractive force.  Any charge (q), either positive or negative can be written as  

 

N is an integer and e is the elementary charge,  C, the smallest possible unit 

of charge [2].  The electron and proton both have a charge equal to the elementary charge in 

magnitude. 

 Charged particles with similar charge behave like a gas that would try to spread out in a 

container.  Excess charged particles will uniformly spread over the surface of a spherical 

conductor.  This arrangement that occurs allows for maximum distance between all like charged 

particles on the spherical surface.  If the surface of a spherical conductor is negatively charged, 

then any incoming negatively charged particle will be repulsed as if the charge on the sphere 
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were concentrated in the center of the sphere.  Similarly, if the surface is positively charged, then 

any incoming positively charged particle will be repulsed. 

 A magnetic field is a field that exerts a force on moving electric charges.  For example, a 

magnetic field occurs with current in a wire, this is an electromagnet.  Permanent magnets have a 

magnetic field from the collective arrangement of electrons in a material.  The magnetic force on 

a charged particle moving through a magnetic field is written as   

 

Where q is the charge of the particle; v is the vector velocity; B is the vector magnetic field.  The 

force acting on this charged particle is always perpendicular to both the velocity direction and 

the magnetic field direction, thus resulting in a helical spin of the charged particle.  This effect 

can be seen in Figure 3. 

 

Figure 3: Helical Path of an Electron/Positron in a Uniform Magnetic Field [2] 

Copyright © 2005 John Wiley & Sons, Inc. All rights reserved. 

 

 The strength of magnetic fields or magnets can be represented by magnetic field lines.  A 

stronger magnetic field is represented by a higher density of magnetic field lines in that area.  
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The SI unit for magnetic fields is the Tesla (T).  A magnetic field strength normally refers to flux 

density which is Tesla.  Magnetic flux, , is the integral of the magnetic field over an area with 

units of Weber. 

 

 

Some examples of the strength of magnetic fields are: at the surface of a neutron star which has 

strength of 10
8
 T, at the earthôs surface is 10

-4
 T, and a refrigerator magnet is 0.1 T [2].     

3.2 Plasmas 

Plasmas can form under high temperatures when the molecules in a given gas begin to 

dissociate (break apart) and form ions and free electrons. A plasma has been defined as a, ñquasi-

neutral gas of charged and neutral particles which exhibits collective behavior.ò In order for the 

plasma to be considered quasi-neutral, it must have a collective net charge close to zero, but it 

must also allow for local charge concentrations and other electromagnetic effects. Because the 

atoms in plasmas can have electrons in excited (high energy) states, plasma can emit visible 

light. Plasmas are also effective conductors of electrical energy because they contain free 

electrons and ions. [3] 

2.1 Temperature of Plasmas 

 An interesting topic in the study of plasmas is the concept of temperature. The 

temperature of a given gas is determined by the average translational speed of the particles 

constituting such a gas. Because gases generally contain particles moving at every possible 
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velocity, a histogram of all particle velocities will follow a Gaussian distribution pattern. That is, 

they will fall under a standard bell curve. This equilibrium distribution is called a Maxwellian 

velocity distribution. This velocity distribution is a function of the temperature of the given gas. 

The average kinetic energy of a gas is defined as: 

 

Where k is Boltzmannôs constant,  and T is the temperature of the gas. [3]  

 In plasmas, this relationship can become more complex. Because ions and free electrons 

are dissociated in plasma, they can have different velocity distributions and thus, different 

temperatures.  It is not unusual for laboratory controlled plasmas to reach temperatures of 

1,000,000 K, but because typical densities are so low, the total heat energy within the plasma is 

actually quite low and heating of equipment by plasma is generally not a serious concern.  

2.2 Debye Shielding  

 A characteristic exhibited by plasmas that must be taken into account is the shielding of 

electric fields due to the distribution of highly mobile, free electrons. If an object of a given 

potential is placed in a plasma, the object will attract particles of opposite charge and repel 

particles with the same charge. That is, a positively charged object will attract electrons while a 

negatively charged object will repel electrons, leaving a deficit or surplus of ions, relative to the 

number of electrons, in the local vicinity of the charged object. This results in a layer of charged 

particles, called a sheath, to form around sources of electric fields. The charges of the particles in 

the sheath effectively cancel out the electric field created by the charged object. The thickness 

(radius) of the sheath in the order of a characteristic length ɚD is called the Debye length and is 

defined as: 
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Where Ů0 is the permittivity of free space, Te is the electron temperature, n is the number density 

of electrons (electrons per cubic meter), and e is the elementary charge (e = 1.602x10
-19

 C). In 

order for a gas to be considered a plasma, the Debye Length must be much smaller than the 

overall size of the plasma. This is usually dependant on the plasma having sufficient overall 

density.  

 Furthermore, the number of charged particles within the Debye Length can be computed 

using the number density of the particles in question: 

 

This is also called the plasma parameter. [3] 

2.3 Plasma Frequency 

 The Plasma Frequency is the frequency of periodic oscillations of the local number 

density of electrons within a plasma. The Plasma Frequency ɤp is defined as: 

 

Where m=9.11x10
-31 

kg, the mass of an electron. Inverting the Plasma Frequency ɤp results in 

the plasma period Ű. Experiments involving plasmas should be conducted so that the process or 

phenomenon under investigation spans periods of time exceeding that of the plasma period. If 

the period of time under which the plasma is observed is shorter than the plasma period, the 
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observed average number density of electrons in the plasma will differ significantly from the 

actual average number density of electrons in the plasma. In summation, a plasma is only 

recognizable as a plasma over periods of time exceeding the plasma period [4]. 

3.3 Dusty Plasmas 

A dusty plasma is plasma which contains charged micron or sub-micron sized 

particulates.  They are prevalent in space as seen in the zodiacal light, the Orion Nebula and the 

tail of a comet.  Based upon spectroscopy data, the dust grains in these clouds are dielectrics and 

metallic such as ice silicates, graphite, magnetite and amorphous carbons [5].  Natural dusty 

plasmas contain particles of various sizes while artificially generated dusty plasmas tend to 

contain particles of a specified size.  

In our solar system, sources of dust are lunar ejecta, space debris, micrometeoroids and 

the asteroid belt [5].  Collisions of comets and asteroids release between 0.25 tonnes s
-1

 and 20 

tonnes s
-1

 of dusty gas in the solar system.  The dust will spiral into the sun, due to solar wind 

drag and Poynting-Robertson light drag.  This is a loss of orbital angular momentum by gyrating 

particles associated with their absorption and re-emission of the solar radiation [5].  It will take 

between thousands and millions of years for particles smaller than 1cm to reach the sun.  The 

National Aeronautics and Space Administration (NASA) is able to collect samples of this dust 

using high-altitude aircraft at an altitude of between 18 and 20 km. 

When there is no external disturbance present a dusty plasma is macroscopically neutral.  

There will be no net resulting electric charge when the dusty plasma is in equilibrium. 
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Where qi is the ion charge, ni0 is the number density of ions, e is the electron charge, ne0 is the 

number density of electrons, qd is the dust particle charge and nd0 is the number density of dust 

particles. 

Some of the differences between a plasma and a dusty plasma can be seen in Table 1. 

 

Table 1: Differences between Plasma and Dusty Plasma [5] 

Copyright © IOP Publishing Ltd 2002 All rights reserved. 

 

The table shows that the dust grain charge-mass ratio (  has some distribution.  The dusty 

plasma also modifies low-frequency waves such as ion-acoustic waves (IAW) and creates new 

ones like dust acoustic waves (DAW) and dust ion-acoustic shocks (DIA). 

 A property of a dusty plasma is its macroscopic neutrality.  If the dusty plasma is locally 

disturbed from its equilibrium position, the internal space charged field gives rise to collective 

particle motions inside the plasma which tend to restore the original charge neutrality. The 



13 
 

inertia of the particles will cause an overshoot of the equilibrium position and oscillate around 

the equilibrium position.  The frequency of the motion of these particles is known as the plasma 

frequency.  

 

Where s is either the charge of electrons, ions, or dust particles. This differs from the frequency 

for a plasma, equation 9. 

 Another important characteristic of a dusty plasma is the frequency associated with 

collision of electrons, ions, and dust particles with stationary neutrals. 

 

Where ɖn is neutral number density,  is the scattering cross section,   which is 

the thermal speed and s = e,i,d for electrons, ions, dust particles respectively. The collisions of 

plasma particles with the stationary neutrals will dampen their collective oscillations.  

Oscillations will be damped when the collision frequency vsn is smaller than the plasma 

frequency ɤp. 

 The Coulomb coupling parameter is what determines the possibility of the formation of 

dusty plasma crystals.  The Coulomb coupling parameter is  
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kbTd  is the dust thermal energy, a is the distance between two like charged dust particles, Zd is the 

number of charges on the dust particle.  The dusty plasma is weakly coupled when ɻc<< 1, and is 

strongly coupled when ɻc>> 1.  When the dust grains are massive, the plasma is strongly coupled 

because of the large number of charges on the dust, low temperatures and small intergrain 

distance [5]. 

 Dusty plasmas created in laboratories are different than astrophysical dusty plasmas.  

Laboratory discharges have geometric boundaries whose structure, composition, temperature, 

conductivity influence the formation of the dust grains.  Also, in laboratory dusty plasmas, the 

external circuit, which is required to ionize the gas, imposes varying boundary conditions.   

 There are different methods to create dusty plasma in laboratories.  For example, in the 

work by Fortov, et al, in 1997, a dusty plasma device can make dusty plasma by surface 

ionization of potassium atoms on a hot tantalum plate and a dust dispenser dropping particles 

down into the plasma [5].  The dusty plasma device can be seen in Figure 4. 

 

Figure 4: Dusty Plasma Device [5] 

Copyright © Elsevier Science B.V. 1997, All rights reserved. 

. 
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Other examples of non-stellar dusty plasmas are plasmas in fusion devices which are 

contaminated by dust which is heavier than hydrogen isotopes.  The dust comes from sputtering, 

evaporation and sublimation of wall material at extremely high temperatures.  Also, solid-fuel 

combustion produces dusty plasma as exhaust with the dust being Al2O3 for aluminum-coated 

solid fuel and MgO for magnesium-coated solid fuel.  

3.4 Diagnostics  

  Two diagnostics will be used to collect data in the experiment. The first is the 

Charge Detection Mass Spectrometer (CDMS). Its main purpose will be to record the charge and 

velocity of the dust grains after having passed through the plasma. The second will be a 

Langmuir probe. This probe will collect data regarding the state of the plasma. 

The CDMS used in this work was first designed for use in colloid thruster research 

conducted by Professor John Blandino. It is constructed of three main parts: the retarding screen, 

the charge detection tube, and the collection cup. The original intent of the CDMS was to 

investigate charged droplets, and therefore the function of the CDMS will be explained by 

following the path of a drop through the device. As the drop first enters the CDMS it passes 

through a screen. The CDMS is designed so that the screen may be charged to high voltages. The 

purpose of this is to create a retarding curve for the droplets. This is accomplished by increasing 

the voltage on the screen in steps and subsequently measuring the number of droplets that come 

through over a set time period.  When the number of droplets is close to zero it has reached the 

stopping potential of the droplets, measured in volts. This number plays an important part in the 

final calculations after data collection is complete. This step is done separately from droplet 

charge detection, and the voltage applied to the screen is turned off before the collection of 

droplets. 
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 After traveling past the retarding screen, the droplet enters the charge detection tube. As 

the droplet passes through the detection tube it induces a charge on the tube. This imprint is then 

passed through an amplifier and then into an oscilloscope. Figure 5 shows a waveform created by 

a droplet passing through the charge detection tube.  

 

Figure 5: Droplet Waveform 

The x-axis represents time steps, and the y-axis shows voltage from the amplifier. The first peak 

can be taken as indicating the moment the droplet entered the tube, and the second peak can be 

taken as the time the droplet exits the tube. Using these two points it is possible to determine the 

time-of-flight of the droplet through the tube of known length. Determining the charge of the 

droplet is slightly more complicated. By integrating Ohmôs Law the charge of the droplet can be 

found by taking half of the integral of the voltage signal divided by the grounding resistance. 

Care must be taken to make sure the sign of the charge is correct. In the calculation the charge 

will always be a positive number, but this is only because of the sign convention used. If the 

fluid (or dust particle) is negatively charged, then the final charge must be multiplied by negative 

one to get the correct number. Finally, after leaving the charge detection tube, the droplet 
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terminates into a grounded cup that is electrically isolated from all the other parts in the CDMS. 

This is done to ensure that there is no charge buildup in the device. Such a buildup would result 

in erroneous data being collected. 

 Data acquisition with the CDMS is accomplished by passing the induced charge, of the 

tube caused by the droplet signal, through an amplifier and then to an oscilloscope.  The 

oscilloscope is then connected to a computer through a DAQ card. The data is written to a file 

through a LabView Virtual Instrument (VI). Two separate VIôs are used to collect data. The first 

is used to collect the retarding potential data, and also has controls for the power supplies used to 

charge the retarding screen. The other VI captures the droplet waveforms as shown in Figure 5 

which are used to calculate the induced charge. This data is written to a LabView measurement 

file, which can then be imported into Matlab. For each droplet a measurement file is created 

consisting of 10,000 data points. The time step between points is controllable via the 

oscilloscope, and is most often set at 10
-4

 seconds per step.  

 Once the data is in the LabView measurement file format it can be loaded into Matlab 

using multiple M-Files that were developed specifically for the task.  Using these M-Files, it is 

possible to analyze hundreds of droplets in only a few minutes. 

 The CDMS used in this project is the second generation of the probe. The original CDMS 

was designed by Professor John Blandino and a group of undergraduate students at WPI in 

collaboration with Dr. Manuel Gamero-Casta¶o at NASAôs Jet Propulsion Laboratory. A cross 

section of the old CDMS can be seen in Figure 6. 
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Figure 6: Original CDMS  

 The main design considerations were only that it be able to mount to the test apparatus to be 

used in Professor Blandinoôs droplet fission project. In the spring of 2007 it was decided that a 

second generation of the CDMS should be designed and built. The main goal was to reduce the 

cross section of the CDMS so that it could be more easily used in other applications, such as in 

the exhaust plume of a colloid thruster. The overall design goals were to develop something 

cylindrical, self-contained, easily assembled/disassembled, and with the ability to be mounted in 

several different applications. The resulting sensor is made up of a series of concentric discs that 

are held together with two structural rods made from 4-40 threaded rod. All connections are done 

through miniature coax connections through the back of the probe, resulting in a perfectly 

circular cross section. A cut away of the new CDMS can be seen in Figure 7. 
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Figure 7: Cutaway of second generation CDMS 

 The second probe used in this experiment is a Langmuir probe. This type of probe 

consists of, at its most basic level, a wire. One end of this wire is bare and exposed to the plasma 

environment. The other end is shielded, passed outside the vacuum chamber, and then connected 

to a current-voltage source such as a source meter (e.g. Keithley 2410). This source meter is used 

to sweep a range of voltages through the wire, and the resulting current induced in the wire is 

measured. This current is induced by the incident flux of electrons and ions (depending on  the 

bias voltage of the wire). By using the current information obtained by the probe, the ion and 

electron densities of the plasma can be obtained.  A typical voltage versus current graph is shown 

in Figure 8. 


