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Chapter 1

Introduction

Neutron sources have a variety of applications because of the ability

of neutrons to non-destructively determine the elemental composition of a

material [1, 2]. Neutron sources are used for national security purposes through

neutron active interrogation of materials [1�10]. In neutron active interrogation,

neutrons enter the nuclei of a sample, producing a measurable reaction, allowing

for the determination of the target material [1, 3�11]. For example, in explosives

detection, neutrons are used to determine the elemental signature of a material,

which can then be compared to the signature of most explosives [5, 12]. Industrial

quality control uses neutrons to characterize properties of new materials, and

for rapid analysis of unknown materials [13, 14]. Neutron sources are used in

geophysical exploration for soil monitoring to determine the concentration of

water in the soil for construction and agriculture [2�4]. One of the most used

applications for neutron sources is oil reserve detection in boreholes for oil well

logging [3, 4, 6, 15, 16].

According to the U.S. Energy Information Administration, more than

19.1 million barrels of oil were consumed each day in the United States in

2014; the United States only produced about 8.7 million barrels per day. Large

demands for oil will continue to drive the need for an increase in the number and

performance of oil wells. Oil reserves are typically located and cataloged through
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oil well logging which is a method of characterizing the porosity and density of a

borehole to determine the quantity of hydrocarbons remaining and the location

of these hydrocarbons for oil production [6, 16�20].

Two methods common to the logging of oil wells are coring and neutron

logging [17]. Coring involves physically removing a sample from the sidewall of

the borehole, and analyzing it at the surface [17]. This time consuming method

only provides information on a small sample of the borehole. Neutron logging,

however, analyzes a large portion of the borehole using a neutron source and

detector which are lowered into the borehole [6, 16�20]. Neutrons probe the

sidewall using the (n,γ) reaction. The (n,γ) reaction is measured by a detector

and used to determine the elemental makeup of the sidewall. A signal is sent

back to an operator through a wire line attached to the radiation detector and

a log is kept of the density of the borehole at di�erent depths. The porosity

of the borehole is measured by the ratio of the count rates from near and far

neutron detectors which allow for a measure of the neutron penetration into the

formation [17, 19]. Most current methods of oil well logging use radioisotope

neutron generators [5, 12, 21].

1.1 Radioisotope Neutron Generators

Radioisotope neutron generators, including americium-beryllium (Am-Be)

and plutonium-beryllium (Pu-Be) sources, are traditionally used in oil well

logging [5, 12, 21]. In radioisotope neutron sources, neutrons are produced

through the (α, n) reaction where alpha particles are emitted by an alpha emitter,

such as 241Am or 239Pu, and captured by 9Be which in turn releases a neutron [17,

19]. Approximately one neutron is emitted for every 20,000 alphas [22].

Radioisotope sources remain active for years, but are unable to be turned o�,

thus they require radiation shielding and special considerations for transport

as the activity of these sources can range from 5 to 20 Ci [3, 19, 20]. These
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sources also become a security risk if stolen, or an environmental risk if lost in

a borehole [20, 22]. Alternative neutron sources, including electronic neutron

sources, can be used as a replacement for radioisotope sources, reducing the risks

associated with the radioactive sources.

1.2 Electronic Neutron Generators

Electronic neutron generators produce neutrons through hydrogen isotope

fusion. These sources are either sealed tube- or pumped neutron generators.

Electronic neutron generators have three main components: a target, an

accelerating voltage source, and an ion source [1, 5]. Sealed tube neutron

generators tend to be more compact, portable, and e�cient when compared to

pumped generators, but require a pressure regulating device because there is no

external gas supply and a system to replenish the target for prolonged use [1, 2].

While pumped systems are known for higher neutron yields, they are generally

stationary due to their size and the need for continuously pumped gas [1].

Electronic neutron generator systems use the deuterium-deuterium (D-D)

or deuterium-tritium (D-T) reaction to generate neutrons as shown in (1.1)

and (1.2), respectfully [5, 23]. Deuterium ion beams are ideal for neutron

generators because of the low binding energy between the single neutron and

proton and require a low voltage (on the order of 10kV) to initiate the reaction [1].

Depending on the desired neutron energy, a beam of deuterium ions is accelerated

toward a target containing either deuterium or tritium. The fusion reaction of

the ion beam with the target generates either a 2.45 MeV neutron for D-D fusion

or a 14 MeV neutron for D-T fusion [1, 2, 11, 13].

2
1D + 2

1D →3
2 He+ n (1.1)

2
1D +3

1 T →4
2 He+ n (1.2)
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Electronic neutron generators using hydrogen fusion reactions have advan-

tages and disadvantages. Some advantages of D-D electronic neutron generators

include the ability to be turned o� and to produce nuclear reactions without the

use of radioisotopes, however improvements are necessary to produce electronic

sources that are more compact and e�cient [3, 19]. While the D-T reaction

generates a higher energy neutron at at higher yield due to the larger reaction

cross section, a radioactive component (tritium) is also present which requires

additional safety precautions over D-D sources because of the health hazards

related to ingestion or inhalation [2, 10, 11].

Most neutron sources have a yield on the order of 108 n/s or higher. The

neutron yield of the source can be increased through increasing either the ion

beam current impinging on the target, the loading of the target, or the ion

accelerating voltage [1, 2, 11]. The number of ions reaching the target can be

improved through ion beam collimation using ion beam optics or tubing [1, 2, 24].

The neutron yields of these sources are limited by the breakdown of high voltage

across the accelerating gap, ion source output, and the ability of the target to

withstand power loading and capacity of the target for hydrogen loading [1, 11].

1.2.1 Electronic Neutron Generator Targets

Targets are chosen for their ability to withstand high power inputs and their

capacity for hydrogen loading. Electronic neutron generator targets require a

long lifetime to tolerate a constant neutron �ux over long periods of time because

target removal is di�cult and can result in signi�cant downtime [1]. Targets

should be capable of high neutron yields per unit area meaning they should be

saturated with deuterium or tritium ions over a small space [1].

Sealed tube neutron generators typically use solid targets. Solid targets are a

metal substrate either doped with a hydrogen isotope, or with a thin �lm attached

which provides good conductivity and is doped with the hydrogen isotope [1, 2,
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11]. Metals used for hydrogen impregnated sources include titanium, zirconium,

and molybdenum [1, 2, 11]. Solid targets are characterized as being stable with

high thermal conductivity and have the ability to endure the application of large

beam currents, all of which could cause drastic degradation of performance in

other types of targets [1]. Some neutron generators employ various target cooling

methods to prevent hydrogen dissociation when the critical temperature of the

solid target is met [1, 2].

1.2.2 Electronic Neutron Generator Accelerating Voltage

Sources

Accelerating voltage has direct e�ects on the neutron yield of an electronic

neutron generator, thus it should be at its maximum value without causing

breakdown in the accelerating gap [1, 2, 11]. A good voltage source for

neutron generators is easily regulated resulting in low voltage �uctuations, a

low temperature coe�cient reducing ion drift problems, and a fast recovery

time if the load is changed [1]. Two voltage accelerator designs common to

neutron generators are electrostatic sources such as Van de Gra� or Felici

and the Cockroft-Walton voltage multiplying design [1]. Electrostatic design

characteristics include minimal voltage �uctuation, excellent voltage regulation,

and quick response to load changes, however the electrostatic designs are

typically larger and more expensive than other designs [1]. The Cockroft-Walton

generators rarely fail, are typically ine�cient and di�cult to scale the power [1].

1.2.3 Electronic Neutron Generator Ion Sources

Sealed tube neutron generators require a source of ions [1, 5]. Ion beam

sources generally consist of an ion reserve (where ionization occurs) and an

extraction system for focusing and accelerating the ion beam [25�27]. The

simplest ion source design consists of a plasma source and an extraction method
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used to accelerate beams of ions from the plasma to a target [1, 25, 28, 29].

The plasma source uses a high voltage to ionize a gas, resulting in a quasi-

neutral plasma containing nearly equal numbers of ions and electrons [28, 30].

In an equilibrium plasma, the generation rate of ions is equivalent to the loss

rate, including losses through ion extraction and ion-electron recombination [25�

28, 31]. The ion current extracted from the plasma is limited by the Bohm

sheath criterion through plasma saturation and the Child-Langmuir law through

the space-charge limit [26, 31].

Plasma ion sources consist of gas and high frequency discharges. In gas

discharges, a voltage is applied between two cathodes immersed in a gas [26]. As

the voltage on the cathodes or the pressure in the chamber increases a discharge

occurs [26]. A dc discharge can be characterized as a Townsend, arc, or glow

discharge depending on the gas pressure in the ionization chamber [26]. High

frequency discharges occur at frequencies greater than 100 kHz when the inertia

of the ions prevents regrouping [26]. High frequency systems are generally either

radio frequency or microwave plasma ion sources [26]. Three plasma ion sources

commonly used in neutron generators include the Penning-, radio frequency-,

and electron cyclotron resonance ion sources [1, 2, 25�27].

The Penning ion source is a dc glow discharge source that can be operated

with hot or cold cathodes [1, 25�27, 29, 32�37]. There are four main components

in Penning ion souces: two cathodes, an anode, and a permanent magnet. In

the Penning design, electrons are released from the cathodes toward an annular

anode located around the cathodes [1, 25�27, 29, 32�37]. Further collisions

of the oscillating electrons with gas molecules generates an intense plasma in

the ionization chamber [26]. The permanent magnet is used to apply an axial

magnetic �eld that restricts angular motion of the electrons, increasing the

ionization e�ciency resulting in approximately eight ions per electron [26, 29].

Penning ion sources can produce ion currents in the micro- to milli-amp range,
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but the current should be limited to avoid damage to the ion source [1, 25�

27, 29, 32�37]. In order to maintain stable currents, the Penning ion source has

an optimal operating range. Operating at too high of a current can cause anode

heating resulting in gases being released from the metal; this situation results in

uncontrollable pressures in the neutron generator and unpredictable results [33].

Penning ion sources can be operated in either pulsed or dc mode, but have a

low atomic-to-molecular ion ratio, with greater than 90% molecular ions in some

cases [1, 2, 37]. This leads to decreased neutron yield because the acceleration

energy is distributed over the two nucleons in diatomic ions [1, 2, 37]. Metal

sputtering is also a common problem in Penning ion sources because the housing

is made entirely of metal [1, 29]. Sputtering results in the need for the ion source

to be cleaned periodically and, occasionally, the cathodes and anode must be

replaced [1, 29]. Penning ion sources are capable of ion currents in the 100 µA

range with operating times greater than 500 hours and have been integrated into

compact portable neutron generator systems capable of D-D neutron yields of at

least 108 n/s [1, 25�27, 29, 32�37].

The radio frequency, or RF, ion source is a high frequency discharge ion source

which generally operates in the 1-100 MHz range [1, 26]. The electrons in the gas

oscillate due to the RF �eld, and eventually gain enough energy to generate a

plasma by ionizing the gas [1, 29]. In RF ion sources, a gas is introduced into an

ionization chamber at a controlled rate and is ionized by the RF voltage using

an electrode system that is not submerged in the plasma [1]. The ionization

chamber is generally fabricated out of a dielectric such as glass or quartz to

prevent sputtering and limit recombination and secondary electron emission [1].

The RF ion source typically uses either a capacitive or inductive method of

supplying the RF voltage to the ionization chamber to excite the gas [29]. A

magnetic �eld can be added to the RF ion source to focus the ion beam [1].

There are many reasons the RF ion source is attractive for neutron generators.
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These sources have shown ion beam currents ranging from 70 µA to greater than

5 mA, with the currents being modulated with: ionization chamber pressure,

RF input voltage, external magnetic �eld, and extraction voltage allowing for

scalable operation [11, 13, 29, 38�42]. However, these sources have a low

gas e�ciency, generally requiring vacuum pumping to keep the ion source at

reasonable operating pressures making them comparatively less portable, but

can produce an atom-to-molecule ratio of 9 [1, 2]. RF ion sources have been

shown to produce 80-95% atomic species fraction, which results in e�cient

neutron production on the order of 108 n/s for the D-D reaction and 1011 n/s

for the D-T reaction [11, 38�41]. Additionally, RF ion sources are compact and

relatively portable with long operational lifetime (on the order of hundreds of

hours). A disadvantage of RF ion sources include sputtering of any metal in the

system by the plasma resulting in metallic coating on the dielectric walls causing

recombination and lowered e�ciency [1, 26, 27, 38]. The ion source can be taken

apart and cleaned, restoring the high output capability of the ion source, but this

tends to be time consuming and can result in the contamination of the vacuum

system [1].

The electron cyclotron resonance, or ECR, ion source is also a high frequency

discharge which operates in the giga-Hertz range [26, 29]. Electron cyclotron

resonance heating occurs in a plasma when the electrons are heated using a

microwave coupled into the plasma at the electron cyclotron frequency [29]. In

these sources, the microwave is used to generate the plasma and a magnetic

�eld is used to trap the plasma, making the plasma more dense resulting in a

high energy (up to 10 kV) non-Maxwellian plasma [29, 43]. Because of the low

cost and wide availability of microwave sources at this frequency, these sources

commonly operate at a frequency of 2.45 GHz [29]. Additionally, at 2.45 GHz,

the waveguide required to supply the microwave to the plasma remains small;

the magnetic �eld required to con�ne the plasma is relatively small (less than

8



0.1 T); and fewer low energy electrons are produced. This results in less multiply

charged ions [29, 43].

The ECR ion source is capable of producing high currents of singly charged

ions [26, 27, 29, 43�47]. There is no ignition process for ECR ion sources making

them easy to operate and no electrodes allowing for operation with aggressive

gases without concern for electrode damage or contamination [29, 45, 47]. Also

the ECR operates at low pressures making voltage breakdown unlikely [45, 47].

The ECR has been operated in both pulsed and continuous mode with ion

currents reaching 100 mA for operating times up to 2000 hours [26, 27, 43�47].

These sources are e�cient, showing singly charged ion percentages ranging from

70-98%, leading to neutron yields up to 1010 n/s and 1012 n/s for D-D and D-T

fusion reactions, respectively [26, 27, 43�47]. The drawbacks to ECR ion sources

include: high power operational requirements (up to 1 kW), requirements for

magnet cooling, and the high dependence on the source subsystems for stability

(including the required impedance matching between the microwave circuit and

plasma, the magnetic �eld strength and distribution in the plasma, as well as

the operating pressure of the plasma) [29, 45, 47].

Piezoelectric transformers (PTs) can be used to generate the high voltages

required for compact, low input voltage plasma formation which can be

used in ion sources [48]. Fabricated from ferroelectric materials such as

Pb(ZrTi)O3 (PZT) and LiNbO3 (lithium niobate) as high voltage is generated

through electrical-mechanical energy conversion based on the piezoelectric

e�ect [48�51]. A sinusoidal voltage is applied to the PT and through the converse

piezoelectric e�ect causes mechanical deformation and simultaneously induces

vibration in the PT [10, 48, 52�55]. If operated at the natural vibrational

resonance of the PT an electrical-mechanical resonance occurs [10, 48, 52�55].

A high voltage occurs through the mechanical vibration caused by the direct

piezoelectric e�ect. By �owing gas into the area of high voltage a plasma can
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form [10, 48, 52�55].

Piezoelectric transformers have been studied as plasma sources with pressure

ranging from 10-2 and 103 Torr [52, 56�62]. Three types of PT plasma sources

that have been studied include: corona, dielectric barrier, and glow discharge

plasma sources [48]. The corona discharge plasma source requires at least one

sharp electrode be attached directly to the PT. At pressures near atmosphere

corona appears around the electrode [63, 64]. Dielectric barrier discharges are

also operated at atmospheric pressures. A small discharge is formed in the

slight gap between the metallic electrode and PT surface [52, 60, 62]. In a

glow discharge the PT is operated in low background pressures [56�59].

1.3 Piezoelectric Transformer Plasma Source (PTPS)

The piezoelectric transformer plasma source (PTPS) was investigated as a

compact, radioisotope free plasma ion source for use in an electronic neutron

generator. The size of the PTPS is minimized because the ionizing voltage is

produced through a radial mode piezoelectric transformer (PT) [65, 66]. Ion

currents produced by the PTPS can be modulated through changes to the

driving voltage, which allows for scaling of the source ion output. The PTPS

can be operated as a source of deuterium ions to facilitate the D-D reaction.

The PTPS could provide improvements to current ion source technologies for

electronic neutron generators.
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Chapter 2

Theory

This chapter outlines three theories for reference in the remainder of the

dissertation. The ion current model allows for the determination of the ion

current that can be drawn through the hollow anode towards the extraction

target based on the parameters of the plasma. The electrostatic probe theory

section provides information about the background and operation of electrostatic

probes as well as sources of and corrections for errors in probe measurements.

Finally, the ion concentration of hydrogen plasmas is discussed, showing the

di�erent reactions possible in a hydrogen plasma similar to the one found in the

piezoelectric transformer plasma source (PTPS).

2.1 Ion Current Model

The ion current extracted from the plasma is pulled from the sheath area over

the hollow anode aperture [67�73]. This sheath, sometimes called the meniscus

of the plasma, is partially caused by the applied electric �eld used to extract

the ions from the plasma through the hollow anode [67�73]. At the meniscus

edge the ions reach the Bohm velocity, and are released from the plasma [73].

The ion current of the plasma can be predicted using the Bohm current density

multiplied by the extraction area. The concave meniscus provides the optimal
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ion beam focusing, though overfocusing can occur resulting in unwanted ion

beam divergence [69, 70, 72, 74]. While it may be impossible to generate the

ideal concavity of the beam [68], the shape of the meniscus is controlled by the

electron density and temperature of the plasma as well as the extraction voltage

and hollow anode shape [69, 72, 74]. The ion current can be modeled using (2.1),

with variables found in Table 2.1 [69, 73, 74].

Im = (0.61)εo

√
e

M
πα2FT

3
2
e (2.1)

λD =

√
εoTe
ene

(2.2)

Table 2.1: Variables and Units for (2.1)

Variable Description Units

Im modeled current A
ε0 permittivity of free space F/m
e elementary charge C
M ion mass kg
α constant of proportionality, α = a

λD
unitless

F function of electric �eld ratio, F (E0/E) unitless
E0 extraction electric �eld V/m
E electric �eld characteristic of the plasma, E = Te

λD
V/m

Te electron temperature eV
a hollow anode radius m
λD Debye length m
ne plasma electron density m-3

Several functional relationships can be made to determine methods of

increasing ion currents based on (2.1) to direct experiments for ion source

optimization. Based on (2.1) the parameters which have an impact on the ion

current are: ion mass, hollow anode radius, plasma electron density, extraction

electric �eld, and electron temperature.
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The ion mass a�ects the ion current by a factor of the inverse square root

of the change in ion mass (1/
√
4M where 4M is the change in ion mass). For

example, assuming the mass of deuterium ions are twice that of hydrogen ions,

the functional relationship between the currents would be ID ∼ IH/
√

2, where

ID is the deuterium ion current and IH is the hydrogen ion current.

As stated previously, the hollow anode radius should have a signi�cant impact

on the ion current. The constant of proportionality, α, has a strong dependence

on the hollow anode radius. The hollow anode radius also impacts the internal

pressure by partially controlling the rate at which gas escapes through the plasma

chamber.

The electron density of the plasma a�ects the ion current through the Debye

length. The Debye length is taken into account in (2.1) through the constant of

proportionality, which is a ratio of the hollow anode radius to the Debye length.

The model predicts a current proportional to the square root of the plasma

electron density (I ∝ √ne, where I is the ion current and ne is the electron

density of the plasma).

The extraction electric �eld is a function of the extraction voltage and gap

distance between the extraction voltage source and the hollow anode of the

plasma source. The extraction is accounted for in (2.1) in F , which is a function

of the extraction �eld and the electric �eld characteristic of the plasma (F (E0/E),

where E0 is the extraction electric �eld and E is the electric �eld characteristic

of the plasma). The functional relationship is nearly linear over a typical range

of E0/E.

According to (2.1), the electron temperature also impacts the ion current

directly as well as through the Debye length, resulting in a direct relationship

between the ion current and the electron temperature (I ∝ Te, where I is the

ion current and Te is the electron temperature of the plasma).
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2.2 Electrostatic Probe Theory

Electrostatic probes are commonly used to measure electron temperature

and density of a plasma because they are easy to manufacture, have a large

dynamic range, and provide local plasma measurements [75, 76]. In electrostatic

probe systems at least one conductive object is inserted directly into the plasma;

current and voltage diagnostics of the probe output are used to determine the

characteristics of the plasma [75? �140]. Electrostatic probes tend to be low

in cost and simple in operation while allowing for a local measurement over a

large volume of the plasma, but can require complex analysis [30, 141, 142]. The

probe can also cause unwanted a�ects on the plasma resulting in a change in the

plasma characteristics attempting to be measured.

2.2.1 Plasma Sheath

The applied bias voltage on the probe causes a region of disturbance, known

as the probe sheath, in which particles of the opposite charge collect around the

probe as is shown in Fig. 2.1 for ions [31, 84, 85, 122, 133, 141, 143, 144]. While

the plasma is assumed to be quasi-neutral (having equal numbers of ions and

electrons), inside the sheath the plasma is not quasi-neutral and is composed of

primarily one particle based on the potential of the probe [31, 85, 91, 143]. A

negatively biased probe has an ion sheath, while a positively biased probe has

an electron sheath. While the composition within the sheath is not the same as

the bulk of the quasi-neutral plasma, it is possible to use the characteristics of

the sheath to determine the characteristics of the plasma as a whole.

The size of the sheath calculated using (2.3) is a function of the Debye length

and the ratio of the electron and ion masses [145]. The Debye length of the

plasma (H), described by (2.2), is a function of the electron temperature and

density of the plasma and describes the length from which a particle can screen

the electrostatic �elds of a particle of opposite charge [133].
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Any collisions within the sheath are a function of the sheath and the mean

free path of the ions in the plasma. The ion mean free path of a plasma is

the distance an ion can travel before coming in contact with another particle

resulting in additional ionization and loss of momentum [91]. This distance is

found using (2.4), where kB is the Boltzmann constant, T is the temperature

of the gas (typically assumed to be 300 K), d is the molecular diameter of the

gas [m], and P is the internal gas pressure [Pa]. The ion mean free path of the

plasma is dependent on the pressure of the plasma; low pressure plasmas have

long mean free paths and high pressure continuum plasmas have short mean free

paths.

λi =
kBT√
2πd2P

(2.4)

The operating regime for a probe in a non-magnetic plasma is commonly

described by the Knudsen and Debye numbers [135, 136, 146]. The Knudsen

number (Ki for ions) is the unitless ratio of the mean free path and the probe

radius (rP ) (Ki = λi/rP ). The Debye number (Dλ) is the unitless ratio of the

Debye length to the probe radius (Dλ = λD/rP ).

There are two characteristics of the plasma sheath: collisionality and

size [30, 31, 122]. A collisionless sheath has no collisions because the mean

free path is larger than the sheath thickness, resulting in a collision free region.

A collisional sheath is characterized by a sheath that is larger than the mean

free path, resulting in collisions within the sheath. A transitional sheath is

on the same order of magnitude as the mean free path. The sheath size

(thick or thin) relates to the sheath proximity to the probe. The sheath
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characteristics are paired as shown in Fig. 2.2. The collisionless thin sheath

shown in Fig. 2.2a and collisionless thick sheath shown in Fig. 2.2b represent the

more ideal situations for determination of plasma characteristics. As shown in

Fig. 2.2a and Fig. 2.2b, the mean free path is longer than the sheath, resulting

in the particle theoretically taking a straight path toward the probe. In the

collisional thin sheath shown in Fig. 2.2c and the collisional thick sheath shown

in Fig. 2.2d, the particle takes a less direct path toward the probe. This less

direct ion trajectory can result in errors. These errors can be corrected, but

require the use of the appropriate theory to determine the most accurate plasma

characteristics [76, 82, 86, 88, 96, 101, 103, 111, 113, 135, 136, 144, 147�149].

Figure 2.1: Sheath model with the probe at a negative potential in the ion
collection regime.

2.2.2 Types of Electrostatic Probes

Three di�erent types of electrostatic probe systems used to estimate the

electron temperature and density of the plasma are single [75, 79, 80, 86,

87, 94, 96, 100, 103, 105, 112�114, 117, 119, 126, 128�132, 135, 136, 150�

153], double [92, 103, 109, 110, 118, 125, 133, 154, 155], and triple [84, 89,
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l0

(a) Collisionless thin sheath

l0

(b) Collisionless thick sheath

(c)
Collisional thin sheath

(d) Collisional thick sheath

Figure 2.2: Sheath con�gurations for collisionless and collisional thin and thick
sheaths (dashed line) around the electrostatic probe (solid circle) with the
approaching particle where λ0 is the mean free path.

92, 102, 106, 107, 109�111, 119, 137, 147, 156] probe systems, corresponding

to the number of probes in the system. These three systems have been

shown to work in the collisional [76, 111, 113, 127, 135, 144, 147, 149],

collisionless [86, 95, 102, 104, 109, 113, 125, 128�130, 132, 148, 150, 155, 157],

and transition regimes [75, 86, 103, 125, 135, 136, 148, 153]. Electrostatic probe

systems have been compared with other plasma measurements to con�rm their

accuracy [110, 114, 119, 121]. Probes are constructed of conductive metals that

can withstand high heat loads including molybdenum, tungsten, platinum, and

gold [91]. The shape of the probe can be planar, cylindrical, or spherical, though
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cylindrical probes are the simplest to make as they can be easily produced from

a wire [90, 91, 141]. All discussions of probes in this section will assume a

cylindrical geometry unless otherwise stated.

2.2.2.1 Single Electrostatic Probes

In single electrostatic probe experiments, the probe is inserted into the

plasma, and the bias voltage to a probe is swept from a voltage negative of

the plasma potential to a voltage positive of the plasma potential [30, 31, 85,

141, 142, 158]. Depending on the plasma being measured, this sweep can range

from a few volts to hundreds of volts [30, 31, 85, 133, 141, 142, 158]. A simple

single probe schematic is shown in Fig. 2.3 where I is the current collected by

the probe (typically measured using a current viewing resistor, and a di�erential

probe) and VB is the applied bias voltage. During the voltage sweep, the current

collected by the probe is monitored, then plotted as a function of the swept bias

voltage. An ideal current-voltage plot is shown in Fig. 2.4. The plot reveals three

distinct regions: ion saturation, transition, and electron saturation.

Figure 2.3: Schematic of a single electrostatic probe with a simple passive
measurement circuit.
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Figure 2.4: Ideal current-voltage characteristic for an electrostatic probe.

The �rst region is the ion saturation region where the probe bias voltage is

negative with respect to the plasma (depicted as the left region in Fig. 2.4) [30,

31, 85, 91, 133, 141, 145, 158]. In this region the sheath is small in comparison to

other regions, and only ions reach the probe for measurement. In the ideal case,

this region would not change with the probe bias voltage [30, 31, 85, 91, 133,

141, 145, 158]. In reality, the sheath size increases with increasingly negative bias

voltages [30, 31, 85, 91, 133, 141, 145, 158]. This results in the ion saturation

current decreasing as well [30, 31, 127, 158]. This can be corrected by determining

the slope equation for the ion saturation current, and then subtracting that slope

from the measured current [30, 158]. The ion saturation region is typically used

to determine the electron density of the plasma through the measurement of the

ion saturation current (Ii) [30, 31, 85, 91, 133, 141, 145, 158].

The second region of the current-voltage plot is the transition region (depicted

as the center region in Fig. 2.4) [30, 31, 85, 91, 133, 141, 145, 158]. This region

is characterized by exponential current growth with increasing bias voltage as an

increasing number of electrons reaches the probe for measurement [30, 31, 85,
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91, 133, 141, 145, 158]. This region begins at the end of the ion saturation

region and ends at the plasma potential (VS), also referred to as the space

potential. The plasma potential is the point at which the bias voltage is large

enough that no ions reach the probe, and the current is strictly attributed to

electrons [30, 31, 141, 158]. The plasma potential ideally presents itself as a

�knee� in the current-voltage plot, but this is often obscured due to error, making

it di�cult to determine [30, 31, 158]. The �oating potential (Vf ), the bias voltage

at which an equal number of ions and electrons reach the probe, also lies in

this region between the ion saturation current and the plasma potential. The

transition region of the current-voltage plot can be used to determine the electron

temperature as well as the electron energy distribution function.

The third region of the probe characteristic is the electron saturation region

(depicted as the right portion of Fig. 2.4) [30, 31, 85, 91, 133, 141, 145, 158]. In

this region, the probe is biased positive of the plasma potential and only electrons

reach the probe [30, 31, 85, 91, 133, 141, 145, 158]. The electron saturation

region can create signi�cant problems when used for measurements because of

plasma perturbation [30, 31, 85, 91, 127, 133, 141, 145, 158]. As the electrons are

drawn from the plasma to the probe, a current is drawn from the bias voltage

supply to the plasma causing perturbation in the plasma around the probe [127].

Plasma perturbation can cause signi�cant changes to the electron temperature

and density of the plasma as well as other plasma characteristics [126, 152]. The

perturbation can also cause damage to the probe [30, 31, 141, 158]. The electron

saturation region can be used to determine the particle density of the plasma

through the determination of the electron saturation current (Ie).

The current-voltage characteristic can be used to determine characteristic

plasma parameters. The electron temperature is determined by �nding the

inverse of the slope of the semi-logarithmic plot of current in the transition

region [30, 141]. The particle density (ne, [m
-3]) assumed to be equal for ions
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and electrons in the bulk of the plasma, can be found using multiple methods. If

the electron saturation current is known the density can be determined through

(2.5), a function of the electron saturation current (Ie, [A]), probe area (A, [m
2]),

electron mass (m, [kg]), and electron temperature (kTe, [eV]) [31, 99, 158].

The electron density can also be determined by integrating over the electron

energy distribution function [99]. A third, method of determining the electron

saturation current is through (2.6), a function of the ion saturation current

(Ii, [A]), sheath area (S, [m2]), Coulomb's constant (e, [C]), ion mass (M, [kg]),

and electron temperature (kTe, [eV]). Each of these methods results in error in

the electron density measurement, with a minimum of 10-20% [30, 31]. The

electron energy distribution function is proportional to the second derivative

of the transition region of the current-voltage characteristic [30, 31]. If the

plasma is Maxwellian, the electron energy distribution function will be of the

form (2.7), where v is the ion velocity and vth =
√

2kTe/m. Typically the

distribution function is assumed to be Maxwellian but can be non-Maxwellian as

well which will result in a di�erent normalizing coe�cient [30, 31]. The �oating

voltage is found at the point where the measured current is equal to zero on

the current-voltage plot, and shows where equal numbers of ions and electrons

are collected [30, 31, 122, 141, 142]. The plasma potential can be found at

the �knee,� but this is not always obvious [30, 31]. It can also be estimated

using (2.8) a function of the �oating voltage (Vf , [V]), electron temperature

(kTe, [eV]), elementary charge (e, [C]), ion mass (M , [kg]), and electron mass

(m, [kg]) [31, 158]. Depending on the plasma, this estimation is not always

accurate [30, 31, 158]. Typically, the plasma potential cannot be determined

using the electrostatic probe method [158].

ne =
Ie
A

√
2πm

kTe
(2.5)
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(2.6)
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vth
√
π
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(
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vth

)
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VS = Vf +
kTe
2e

ln

(
2M

πm

)
(2.8)

2.2.2.2 Double Electrostatic Probes

In cases where a single probe would be too large, and cause excessive heat

loads resulting in a change in the plasma parameters or an oscillating plasma, a

double probe can be used [85, 92, 95, 109, 110, 118, 125, 133, 141, 155]. Fig. 2.5

shows a sample symmetrical double probe system [85, 92, 95, 109, 110, 118, 125,

133, 141, 155]. In a symmetrical double probe system, each probe is identical;

in an asymmetrical probe system one probe is on the order of 100 times the size

of the other [85, 92, 95, 109, 110, 118, 125, 133, 141, 155]. Both systems can be

used to measure the electron temperature, but the symmetrical system is better

for measuring the electron density while the asymmetrical system is better for

measuring the electron energy distribution function. In both systems, the plasma

completes the circuit between the two probes, while the probes remain isolated

from ground [133].

In a double probe system, the two probes �oat, resulting in the electron

current �owing through the positive probe and the ion current �owing through

the negative probe allowing for the measurement of the ion saturation between

the two [85, 110, 133]. This set-up is preferable to single probes in that it results

in limited plasma perturbation as the probes are always negative of the plasma

potential [85, 110, 133].

A bias voltage is swept on both probes and the current response is measured,

as shown in Fig. 2.5; this results in a current-voltage trace which is the same as
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the single probe method consisting of ion saturation, transition, and electron

saturation regions. In double probe systems, the electron temperature and

electron energy distribution functions are found using the same method as the

single probe, and the electron density is found using (2.6) because the ion current

is measured [109, 110, 133, 155]

An advantage to the double probe system is that the current draw to the

probe is limited by the size of the probes [110, 133]. Also the perturbation

by the probe is limited because the maximum current is the sum of the ion and

electron saturation currents (which is generally small) [133]. The main drawbacks

to the double probe system is the di�culty associated with ensuring that the

probes are kept �oating and the system only measures the electrons from the

high energy tail of the plasma, giving an inaccuracy in the electron temperature

measurement [110].

Figure 2.5: Schematic of a symmetrical double electrostatic probe system.
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2.2.2.3 Triple Electrostatic Probes

A triple probe system uses three identical probes at di�erent static voltages,

and is recommended in plasmas where a swept bias voltage is not possible or

where the plasma contains a frequency component, such as RF plasmas [84, 89,

92, 102, 106, 107, 109�111, 119, 137]. By not requiring a voltage sweep, as in

the previous single and double probe methods, the triple probe can be used to

instantaneously measure the temperature and density of the plasma. This type

of measurement is ideal in situations where the plasma is oscillating, such as an

RF plasma [84, 89, 92, 102, 106, 107, 109�111, 119, 137], or plasmas that would

cause high thermal loads on a single or double probe system [95]. Triple probe

systems also allow for direct and instantaneous display of the plasma parameters,

which is convenient when several di�erent input parameters are being tested and

reduce the time required for testing [84, 89, 92, 102, 106, 107, 109�111, 119, 137].

A sample triple probe system is shown in Fig. 2.6 with the static potentials

of each probe with reference to the plasma potential (Vs) shown in Fig. 2.7 [84,

89, 92, 102, 106, 107, 109�111, 119, 137]. Probe 2 is left �oating, resulting in no

current �owing through the probe, and allowing for a direct measurement of the

�oating potential. Probes 1 and 3 are connected through a static bias voltage,

similar to a �oating double probe. As is the case with the �oating double probe,

no net current �ows through the probes, resulting in low perturbation.

In the direct display triple probe system, measurements are made using

three assumptions [84, 92, 102, 106, 107, 110, 147]. First, the plasma electron

distribution is assumed to be Maxwellian. Second, the probes are assumed to be

separated by a distance greater than the sheath to prevent interaction between

probes. Third, the mean free path is assumed to be greater than the ion sheath

and the probe radius, implying a collisionless probe sheath. Based on these

assumptions the plasma is assumed to be operating in the orbital motion limited

(OML) regime. Given the assumptions, the electron temperature (Te, [eV]) is
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found using (2.9) a function of the measured voltage between the �oating probe

(P2) and the positive �oating probe (P1) (Vd2, [V]), and the �xed bias voltage

(Vd3, [V]) [84, 92, 102, 106, 107, 110, 147]. The �xed applied bias voltage (Vd3)

should be chosen such that it ensures the system is in ion saturation, between

�ve and ten Vd2, with the voltages under the lower bound corresponding to

underestimation and over the upper bound resulting in overestimation of the

electron temperature [92].

1− exp
(

−eVd2
Te

)
1− exp

(
−eVd3
Te

) =
1

2
(2.9)

Once the electron temperature has been determined, the electron density can

be estimated using the measured ion saturation current. The ion saturation

current (I, [A]) is the current �owing from P1 to P3. The electron density (ne,

[m-3]) is estimated using (2.10) a function of the measured ion current, the ion

mass (M , [kg]), probe surface area (A, [m2]), measured voltage between P2 and

P1 (Vd2, [V]), and the estimated electron temperature (Te, [eV]) [84]. If the

mean free path is not greater than the sheath or the probe radius, the electron

temperature is still calculated using the same equation, but the electron density

must be corrected to include collisions in the sheath [111, 147].

ne = 1.05× 1015 I · (M)
1
2

(Te)
1
2 A
[
exp

(
Vd2
Te

)
− 1
] (2.10)

The triple probe method is useful in situations where a bias voltage sweep

is not possible [84, 85, 111, 147]. Because the system �oats, a relatively small

plasma perturbation is expected [85, 89, 92, 102, 106, 107, 109�111, 119, 137].

Also, oscillation of the plasma (such as those in RF and microwave plasmas) is not

a source of error in triple probes as it is in single probes because the system �oats

with the oscillations of the plasma [85, 89, 92, 102, 106, 107, 109�111, 119, 137].

However, triple probe systems are unable to provide any information on the
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electron energy distribution function or the plasma potential because the probe

bias voltage is not swept [85, 89, 92, 102, 106, 107, 109�111, 119, 137].

Figure 2.6: Schematic of a symmetrical direct display triple probe system.

2.2.3 Ion Trajectories in the Saturation Region

In the ion saturation current region, the probe potential is su�ciently negative

to the plasma potential to cause the ion current to saturate the probe. In this

region, the electrons are repelled by the negative voltage while ions are collected.

The ions interact with the probe in four di�erent ways as is shown in Fig. 2.8 [130,

134]. In the �rst interaction (path 1 in Fig. 2.8), the ions pass by the probe

and do not contribute to the probe current, while still possibly having a large

contribution to the ion density in the probe sheath [130, 134]. The second ion

interaction (path 2 in Fig. 2.8) is orbital motion limited (OML) in which an ion

from a distance is attracted to the probe [77, 80, 83, 86, 93, 102, 120, 124, 130,

134, 150, 151]. The third interaction (path 3 in Fig. 2.8) is an ion that orbits
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Figure 2.7: Potential of each probe in the triple probe system with respect to
the space potential of the plasma.

the probe and can be generated by a collision near the probe [130, 134]. The

fourth ion interaction (path 4 in Fig. 2.8) is a trapped orbit that intercepts the

probe surface. An ion will become trapped if the ion energy is less than the

probe energy and the orbit of the ion does not hit the probe [128�130, 134, 159].

An ion typically becomes trapped after a collision causing ion energy loss [31,

86, 128�130]. Goree determined that a few collisions can contribute a signi�cant

amount of trapped ions which can build inde�nitely [159]. Trapped ions can

account for increased currents in medium pressure plasmas, because almost all

ions which have been in a collision will be collected due to their reduced speed

resulting in an overestimation in density if OML theory is used [128�130, 134].

Due to their short lifetime, these trapped ions have a negligible population in

the plasma, but can contribute signi�cantly to the current if the collision rate is

su�cient [130, 134]. The ions that pass by the probe and the trapped ions have

the greatest contribution to the ion current, and cause a signi�cant error in the

density calculation [130, 134].

The error in the electron density measurement when estimated using the ion
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saturation current can be as large as 2 to 100 times the electron density measured

using the electron saturation current, with average values reported in the range

of an order of magnitude di�erence [82, 99, 125, 132]. These values have been

measured using di�erent methods in comparison with electrostatic probe data

including microwave interferometry. Even with the error, the electron density

measured using the ion saturation current is still considered a preferable method

to the electron saturation current, because of the signi�cant current draw in the

electron saturation region [30, 125�127, 130, 135, 148, 152]. The large current

draw in electron saturation can result in signi�cant perturbation and melting of

the probe [31, 127, 141]. In the electron saturation region, current is introduced

into the system from the probe bias voltage source, causing potentially large

perturbations in the sheath region resulting in the underestimation of the area

a�ected by the probe [127]. These perturbations can cause unwanted e�ects

in the bulk region of the plasma, including altering the electron temperature

and density of the plasma, thereby defeating the purpose of the measurement.

However, a measurement in the ion saturation region draws no current from the

probe bias, therefore there should be no signi�cant perturbation of the plasma.

Because of the predictable nature of the ion trajectories, multiple theories for the

correction of the probe data to determine more accurate results of the electron

density are available [135, 136, 148, 150, 160�162].

Figure 2.8: The ion trajectories when the probe is biased in the ion saturation
region.
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2.2.4 Theories for Probe Current Correction

In 1926, Mott-Smith and Langmuir believed that particles reached the probe

using the orbital motion limited (OML) theory [150]. Langmuir and Mott-Smith

based OML theory on the conservation of angular momentum and energy and is

applicable to experiments with Debye numbers less than or equal to three [93,

121]. In OML, they assumed that some particles from the plasma at every energy

(and hence speed) will impact the probe and be measured. While this method can

be successful in a collisionless plasma in a thick sheath, OML does not account for

the absorption radius surrounding the probe, resulting in signi�cant quantities of

trapped ions [77]. The trapped ions cause an overestimation of electron density

especially when the Debye number is �nite. Also, several sources have shown

that OML tends to be inaccurate in the ion saturation region, where just a few

collisions with neutrals can result in the total destruction of OML [116].

In 1949, Bohm generated a model to improve upon the theory of Mott-

Smith and Langmuir [78, 163]. The Bohm model included monoenergetic ions

and Maxwellian electrons in the thin sheath of a plane probe [163]. By using

a thin sheath, ionization near the probe was negligible and could be ignored.

Bohm determined that the ion acceleration toward the probe was caused by the

electric �eld generated by the probe extending into the quasi-neutral region of

the plasma [86, 163]. From his model, Bohm determined that the velocity (νB) of

the ion entering the sheath region (commonly referred to as the Bohm velocity)

was described by (2.11) where the velocity is a function of Boltzmann's constant

(k), the electron temperature (Te), and the ion mass (M ).

νB ≥
(
kTe
M

)1/2

(2.11)

In 1957, Allen, Boyd, and Reynolds created a spherical probe model which

simpli�ed previous theories by claiming that cold ions in an unperturbed plasma

do not follow OML, but are drawn to the probe radially [160]. The theory
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generated a universal set of density solutions by solving Poisson's equation for

ions between the probe and in�nity (the bulk of the plasma) [31]. This probe

theory was extended in 1965 by Chen to include cylindrical probes [157]. This

probe theory is applicable to plasma-probe relationships with Debye numbers

ranging from 0.5 to 70 and Knudsen numbers ranging from zero to in�nity [78,

135, 136, 157].

In 1959, Bernstein and Rabinowitz extended the Langmuir and Mott-Smith

theory [161]. The Bernstein and Rabinowitz theory combined OML with the

thick sheath and is applicable to plasmas in the �ve to 15 Debye number range.

They included the sheath width in their model because when the Debye number

is small the ion saturation current increases as the probe voltage becomes more

negative. This increase in ion current is assumed to be caused by the increase in

the size of the sheath around the probe. They also assumed that ions orbiting

the probe contributed twice to the density calculation, while ions that strike the

probe only contributed once [30]. Chen also extended this theory for cylindrical

probes [157].

In 1969, Laframboise extended the Bernstein and Rabinowitz and Chen

theories to include Maxwellian distribution of electrons [104]. Laframboise's

calculation applies to a wide range of Debye numbers, ion to electron temperature

ratios, and probe potentials [80, 104, 114, 135, 136]. This calculation demon-

strates that the ion current calculated using Maxwellian and monoenergetic

ion energy distributions show very little di�erence from each other when the

Debye number is less than three, and the sheath can still be considered to be

OML [104, 114, 135, 136]. Through microwave interferometry, the Bernstein,

Rabinowitz, and Laframboise method has been proven accurate in cases where

the ion mean free path is greater than the probe radius [114].

Chou, Talbot, and Willis suggested that collisions with neutrals in the sheath

will result in a decrease in the ion and electron current to the probe. To correct for
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this, they calculated a collision factor and applied it to Laframboise's collisionless

probe current. This was calculated in more detail by Talbot and Chou and

Kircho�, Peterson, and Talbot [103].

Chen compared the theories of Allen, Boyd, and Reynolds (ABR) and

Bernstein, Rabinowitz, and Laframboise (BRL) with the electron density

measured using microwave interferometry [30, 81, 157]. Through this experiment

he determined that because ions orbiting the probe are neglected the estimate

is lower than the actual value. Chen also determined that the density estimated

through the BRL theory will exceed the actual value because of the assumption

of more orbiting than should exist. The geometric mean of the values estimated

with ABR and BRL agrees well with the density determined through microwave

interferometry.

In 1977, Zakrzewski and Kopiczynski showed that when the Debye number

is less than three and the Knudsen number is in the range from 0.5 to in�nity

the ion current was impacted by two factors: the reduction of current due to

elastic scattering and the increase of current due to the destruction of OML

conditions [148]. This was con�rmed experimentally through comparisons with

microwave interferometry [121]. This was extended by Tichy, et al. and was

tested over a wide range of operating conditions [135, 136, 146, 154]. Numerical

simulations comparing di�erent probe theories showed that the theory presented

by Tichy provided the most accurate results especially in the transition pressure

region [98].

2.2.5 Error in Electrostatic Probe Measurements

While electrostatic probes have been shown to be a sound method for

estimating plasma characteristics, this type of measurement can have non-ideal

e�ects on the plasma [75, 85, 90, 91, 115, 127, 133, 136, 142, 164]. Errors involving

the probe include those caused by the probe size, geometry, temperature, and
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surface. Other sources of error include using the wrong probe theory and

unaccounted for plasma oscillations.

The probe size can have multiple e�ects on the plasma. If the probe is too

large, more particles are drawn to the probe than are lost due to recombination,

convection, and di�usion [133]. A probe that is too large will also result

in rounding o� current-voltage trace near the plasma potential e�ecting the

measurement of the plasma potential, electron energy distribution function, and

the plasma density [75, 133, 136, 139, 140].

Inherently, the probe will cause some disturbance of the plasma, but

probe geometry can also cause excess perturbation [78, 90, 91, 141]. The

probe geometry has the greatest potential for error when using a spherical

probe because the sphere is attached to a wire which acts like a cylindrical

probe [105, 133, 141]. The best method for removing geometry errors is to attach

the probe directly to the wall, or minimize the size of the probe holder to smaller

than the mean free path [94, 141]. Error resulting from the probe geometry has

the greatest impact on the electron density measurement [79, 91].

The temperature of the probe can also cause perturbations and recombination

in the plasma [127]. The probe is at a lower temperature than the plasma,

which lessens the mobility of the particles near the probe leading to a lower

temperature measurement while recombination would result in an overestimation

of the plasma electron density [105, 127, 133].

Error in probe measurements can also occur as the result of changes in the

surface of the probe. Probe surface changes can include changes in the work

function and resistance due to contamination or melting of the probe [75, 78, 133,

136, 141]. These changes have the greatest impact at the plasma potential and

have a lesser a�ect near the �oating potential [141]. This layer of contamination

acts as additional resistance and can result in underestimation of the collection

area of the probe [133]. If the work function is not even across the probe surface,
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a small uncertainty can be expected in the plasma potential, typically resulting

in broadening in the current-voltage characteristic of approximately 0.1 eV in

the electron temperature and uncertainty in the electron energy distribution

function [91]. Work function e�ects generally appear as hysteresis in the current-

voltage trace [141]. A dirty probe can result in plasma contamination and

secondary electron emission [91]. When secondary electrons are generated in ion

saturation, the secondary electrons are accelerated away from the probe causing

ionization as they move towards the bulk of the plasma [141]. Secondary electrons

can cause decreased temperature estimations as well as changes in the density

estimations [75, 91, 136].

Error in electron density measurements can also be associated with using the

wrong theory [86, 132, 135, 136]. It is important to check the Knudsen and Debye

number ranges for the theory chosen, and the collisionality of the plasma [132].

Assuming OML when the plasma contains even a few collisions can result in an

error of up to an order of magnitude in the electron density.

Plasma oscillations, such as those found in RF and microwave plasmas, can

cause error in the current-voltage characteristic which propagates error in the

estimated plasma parameters [30, 31, 78, 100, 138, 141, 153]. When an oscillation

in the plasma exists, but is unaccounted for, the current-voltage characteristic is

broadened in the transition region [30, 31, 131, 141]. This broadening can lead

to an overestimation of the electron temperature and an underestimation of the

�oating potential [30, 31, 131, 141]. Several methods of accounting for oscillations

exist including �oating multi-probe systems (such as double and triple probe

systems), �ltering circuits, and time averaging (such as box car averaging) [30,

31, 100, 131, 138, 141, 153, 156].
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2.3 Hydrogen Ion Concentration

The chemical kinetics of hydrogen plasmas have been extensively studied

through modeling and experiment and have been shown to be a function of

the electron density, electron temperature, gas pressure, and plasma generating

chamber size [165�168]. At moderate temperatures, hydrogen plasmas are

comprised of two neutral species (H2 and H) and three positive ionic species

(H+, H2
+, and H3

+) [165? �175]. When suprathermal electrons (Te ~ 40 eV)

are present, negative ions (H-) are also part of the plasma [169]. Two sets of

reactions are considered for a moderate temperature hydrogen plasma reaction,

gas phase reactions (shown in Table 2.2) and surface reactions (shown in

Table 2.3) [168, 169, 171, 172].

Based on the models and experiments, at pressures greater than 0.02 Torr

the dominant ion in the plasma is H3
+ [172, 173], with concentrations typically

being an order of magnitude greater than that of H+and H2
+ [165? �175].

While H2
+ ions require the lowest energy for creation, they are quickly eliminated

through collisions with H2 which e�ciently generates H3
+ through reaction 10

in Table 2.2 [165, 166, 168, 171, 176]. If H2
+ is the desired dominant ion, the

plasma should be operated at temperatures greater than 5 eV, and if H+ is the

desired ion the plasma should be highly collisional (Ne < NH2/10 where Ne is

the electron density and NH2 is the concentration of hydrogen supplied to the

system) [169]. These results remain constant over a range of modeled chamber

sizes, gas pressures, electron temperatures, and electron densities [165? �175].

Investigation into the impact of frequency on the plasma show that at frequencies

above 1 MHz, a decrease in the sheath size and increase in density occurred, but

the ion concentration was una�ected [165, 166, 177].
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Table 2.2: Gas Phase Hydrogen Reactions Considered

Reaction Number Collision Type Reaction

1 Electron-Neutral H + e →H+ + 2e
2 Electron-Neutral H2 + e →H+ + H + 2e
3 Electron-Ion H2

++ e →H+ + H + e
4 Electron-Ion H2

++ e →H+ + H+ + e
5 Ion-Neutral H2

++ H →H2 + H+

6 Ion-Neutral H2 + H+ → H2
++ H

7 Electron-Neutral H2 + e → H2
++ 2e

8 Electron-Ion H3
++ e → H2

++ H + e
9 Electron-Ion H2

++ e →2H
10 Ion-Neutral H2

+ + H2→H3
++ H

11 Electron-Ion H3
++ e → 3H

12 Electron-Ion H3
++ e → H2 + H

13 Electron-Neutral H2 + e →2H + e

Table 2.3: Surface Hydrogen Reactions Considered

Reaction Number Reaction

1 H + wall → H2

2 H+ + wall →H
3 H3

++ wall → H2 + H
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Chapter 3

Experimental Set-Up

This chapter details the experiments used to characterize the piezoelectric

transformer plasma source (PTPS) as an ion source for neutron production. An

overview of the PTPS operation, including a description of the PTPS, electrical

drive circuit, and current diagnostic is provided in Section 3.1. Also presented

are the operating conditions for the characterization experiments, as well as the

parameters that were varied (including the driving voltage, extraction voltage,

hollow anode diameter, and internal pressure of the PTPS). Other experiments

described include the high voltage dc system (used to determine if neutrons

above background could be measured using the PTPS as the ion source) and a

triple electrostatic probe experiment used to determine the electron temperature

and particle density of the plasma. It should be noted that some portions of

the Experimental Set-Up and Experimental Results chapters were previously

included in the �nal report to Los Alamos National Laboratory [178].

3.1 PTPS

The PTPS (shown in Fig. 3.1) consists of a LiNbO3 (lithium niobate)

cylindrical disk measuring 10 mm in diameter by 2.0 mm thick, which was

driven through the piezoelectric transformer thickness by an RF driving voltage.
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Lithium niobate is a piezoelectric material with a high melting point, Curie

point, and quality factor all of which are required to minimize damage on the

disk due to plasma formation [55, 179, 180]. A high voltage is developed on the

disk surface through the converse and direct piezoelectric e�ects. The converse

piezoelectric e�ect is used to establish harmonic modes in the LiNbO3 disk when

operated at one of the mechanical resonant frequencies for the transformer. When

operated at one of its resonant frequencies, an axial strain is induced through

the thickness of the disk by the applied axial electric �eld, Fig. 3.2a, due to the

converse piezoelectric e�ect. Orthogonal mechanical coupling in the disk resulted

in an internal radial stress, Fig. 3.2b, simultaneously resulting in a high voltage

on the disk surface from the direct piezoelectric e�ect [65, 66].

The driving electrode was placed on springs to improve clamping uniformity.

Improved clamping uniformity has been shown to result in more repeatable

clamping conditions on the crystal as measured with the electrical quality factor.

A gas was di�erentially pumped into the high electric �eld volume between the

disk surface and hollow anode, and was ionized, resulting in the formation of

plasma inside the PTPS chamber. The ions from the plasma, assumed to be

quasineutral, could then be extracted through the hollow anode for the purposes

of the experiment.

LiNbO3

Metal

Plastic

RF Input

Hollow Anode

Figure 3.1: Cross-section of the PTPS.
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(a) (b)

Figure 3.2: Input response due to the converse piezoelectric e�ect (a) and output
response due to the direct piezoelectric e�ect (b) of the radial crystal.

3.2 Ion Source Characterization Experiment

To determine if the PTPS was a viable ion source for neutron production,

the PTPS was characterized using the system shown in Fig. 3.3. The PTPS

was characterized as an ion source in a cryogenically pumped vacuum chamber.

The rated initial pumping speed of the cryopump for hydrogen was 5000 L/sec;

the background pressure during testing was 5×10-5 Torr [181]. The internal

pressure P of the PTPS was estimated using (3.1). The internal PTPS pressure

was a function of the gas �ow rate Q, the hollow anode radius a, the molar gas

constant R, temperature T (assumed to be room temperature), and molecular

mass M [182]. The background pressure was ignored in the calculation because

it was �ve orders of magnitude smaller than the internal pressure.

P =
4Q

πa2

√
M

3RT
(3.1)

The PTPS was tested as an ion source using both hydrogen and deuterium

gases. Neutron production using the PTPS as the ion source used the 2H(d, n)3He

nuclear reaction. For this reaction, the PTPS was used as a source of deuterium

ions, so initial ion source characterization was performed with deuterium gas. A

functional relationship, described in the ion current model in Section 2.1, was

established between the deuterium gas and the relatively less expensive hydrogen;
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subsequent tests used hydrogen. Ion currents were measured at 2.5 Torr internal

pressure for deuterium gas and a range from 1.5 to 11.0 Torr for hydrogen gas

(depending on the �ow rate and diameter of the hollow anode) as calculated

using (3.1).

The LiNbO3 disk was operated at a resonant frequency of approximately

385 kHz using a function generator operating in burst mode. The 1000 cycle

bursts were repeated with a one second period. The amplitude of the signal

produced by the function generator was increased using an RF ampli�er. A

magnetic transformer was used to improve the power transfer e�ciency from the

RF ampli�er to the LiNbO3 disk by lessening the impedance mismatch between

the two. The driving current and voltage to the LiNbO3 disk were monitored on

an oscilloscope using a current transformer and a voltage divider, respectively.

An ion beam was accelerated from the PTPS to the copper extraction plate

using a negatively biased high dc voltage. Secondary electrons produced by the

interaction of the ions with the copper extraction plate were kept from impacting

the ion current measurement through the use of a secondary electron suppression

grid. The suppression grid was constructed of a copper mesh with a 77% open

area fraction, and was held at a -25 V bias relative to the extraction electrode.

The suppression grid was placed at a �xed distance (25 mm) from the hollow

anode, and 8 mm from the extraction electrode. When the gap distance (d in

Fig. 3.3) was changed the spacing between the suppression grid and the extraction

electrode remained constant.

Extraction voltage magnitudes for ion source characterization experiments

ranged from 100 to 2000 V. The extraction voltage Ve was introduced to the

system through a 100 MΩ current limiting resistor and across a 10 nF integrating

capacitor (depicted as Cint in Fig. 3.3). The electric �eld pro�le of the extraction

system was �at in the gap between the extraction plate and the hollow anode as

is shown in Fig. 3.4 simulated using COMSOL [183].
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The extracted ion current was collected on the extraction plate and applied to

the integrating capacitor. The charge accumulated on the integrating capacitor

was measured from `X' in Fig. 3.3 to ground using a voltage probe and

oscilloscope. The ion current I was calculated using (3.2), where the current

was a function of the integrating capacitor Cint, the change in voltage ΔV, and

the change in time Δt. Each data point represents the average of 64 consecutive

pulses of ion current collected by the target.

I ' Cint
4V
4t

(3.2)

LiNbO3

Metal

Plastic

RF Input

Ve Cint

Suppression Grid

Extraction Plate

Hollow Anode

X

d

Figure 3.3: Cross section and ion current diagnostic of the PTPS. A LiNbO3 disk
was operated using a RF driving voltage through the crystal thickness. Ions
were extracted through the hollow anode and collected on the target electrode.
A copper grid was used for secondary electron suppression. Gas was �owed
through the dielectric to form a plasma in the area of high voltage generated
on the crystal surface. Ion current was collected on the extraction plate, and
calculated using the voltage developed on an integrating capacitor.

To be competitive with existing technologies, the PTPS was required to

produce ion currents up to 100 μA. The ion currents from the PTPS were assumed

to be controlled by the plasma density and the extraction electric �eld. The

plasma density relates to the neutral gas density and the degree of ionization. Ion
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Figure 3.4: Electric �eld pro�le of the extraction �eld of the PTPS ion source
characterization experiment.

extraction from the plasma is governed by the dc electric �eld used to accelerate

ions from the plasma to the extraction plate. A parametric sweep was conducted

to determine what operating conditions produced the highest ion currents.

The density of the plasma generated using the PTPS is assumed to be a

function of the RF driving voltage and the internal pressure of the discharge

chamber. The RF driving voltage establishes the discharge voltage on the surface

of the LiNbO3 disk through the direct and converse piezoelectric e�ect. As the RF

driving amplitude is increased, the available current density from the piezoelectric

transformer is presumed to increase, resulting in greater plasma density.

The internal pressure of the PTPS is in�uenced by the gas �ow rate, the

hollow anode radius, and the type of gas used for testing. The gas �ow rate into

the PTPS determines the amount of neutral gas in the chamber, with a larger

gas �ow resulting in a larger gas pressure. The hollow anode radius controls the

rate of gas removal from the PTPS, producing lower internal pressures at the
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same �ow rate with larger radii. The type of gas used for testing, hydrogen or

deuterium, in�uences the average velocity of particles in the gas, via the mass,

and, as such, the internal pressure. Increasing the PTPS internal pressure would

potentially result in increased plasma density, as well as increased ion currents.

Ion extraction from the PTPS is proportional to the dc voltage applied to

the extraction plate and the gap distance between the hollow anode and the

suppression grid attached to the extraction plate. The electric �eld established

between the suppression grid attached to the extraction plate and the hollow

anode forms a sheath over the hollow anode; this sheath is known as the meniscus.

The meniscus serves as a surface area of extraction [184]. The ion current is

extracted from the plasma at the meniscus surface. The surface area of the

meniscus is controlled by the hollow anode radius and the external electric �eld.

Increased extraction voltages and hollow anode radii would result in increased

ion currents.

The depth of the chamber between the hollow anode and the surface of the

piezoelectric transformer was varied to determine the e�ect of plasma generation

space on ion current. This experiment used chambers of 3, 6, and 9 mm depth.

The ion current should decrease with increasing depth because the electric �eld in

the chamber will decrease with increased gap distance between the piezoelectric

transformer and the hollow anode aperture [165].

The PTPS was tested to determine the reduction in ion current over time.

The PTPS was operated for 4 to 10 hours in pulsed mode using the same input

parameters for 4 to 10 hours to show the change in ion current measured over

time. The time experiment was repeated using a second piezoelectric transformer

to show the impact of time on multiple piezoelectric transformers.

The amount of ion current reaching the measurement target can be impacted

by the collimation of the ion beam toward the target. To increase beam

collimation, the meniscus from which ions are extracted should be concave and
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an ion optic could be added to the measurement system [28, 67, 70]. COMSOL

simulations were performed to determine the approximate concavity of the

meniscus due to the extraction voltage and hollow anode shape. Additional

simulations show the a�ect of adding an optic to the system between the hollow

anode and the extraction target [183].

The PTPS was characterized and optimal operating parameters were deter-

mined by independently testing each parameter shown in Table 3.1. The results

for experiments on type of gas, input RF voltages, dc extraction voltages, hollow

anode radii, calculated internal pressures, plasma cavity depth, and operation

time are presented in Chapter 4.

Table 3.1: Operating parameters used in ion source characterization experiments

Parameter Variable Range Units

Input RF Peak Amplitude Voltage Vin 200 to 400 V
Extraction Voltage |Vext| 200 to 2000 V

Hollow Anode Radius a 0.15 or 0.3 mm
Gap Distance d 10, 15, 20, and 25 mm

Internal Pressure P 1.5 to 11.0 Torr
Ionizing Gas g hydrogen or deuterium

Chamber Depth - 3, 6, and 9 mm
Operating Time t 4 to 10 hours

3.3 Neutron Experiment

The PTPS was tested as an ion source for neutron production using the

neutron generation system described in Fig. 3.5. The PTPS was integrated

into a system using a Hippotronics PP100-5 high voltage supply to provide an

accelerating potential to the target. The target was placed in a holder designed

for �eld shaping. As illustrated in Fig. 3.5, the neutron generator used the D-D

(2H(d, n)3He) reaction for neutron production. The PTPS was operated as a

deuterium ion source, with the deuterium ion beam impinging on a deuterium-
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doped titanium target. Ions were extracted by the high voltage power supply

through a 0.3 mm radius hollow anode. The input to the dc power supply

was regulated using an autotransformer, and the voltage on the target was

veri�ed using an x-ray detector placed outside the vacuum. The autotransformer

used to control the dc voltage was operated at 50 to 90% of its full capacity.

Fig. 3.6 shows the x-ray measurement of the accelerating voltages used for this

experiment. The voltage on the target can be determined for each percent of

operation of the auto-transformer by looking at the x-ray energy at the minimum

counts. For example, at 50% of the auto-transofmer operation the voltage on the

target was approximately 57 kV. The neutron detector was a solid-state RDT

neutron detector with a 10−7 gamma detector e�ciency.

The neutron experiment was used to test if the PTPS ion current is su�cient

for neutron production above background and to determine the impacts of PTPS

operating parameters on the neutron count rate. The PTPS was operated under

the series of input parameters shown in Table 3.2, and accelerating voltages

ranging from 50 to 100 kV.

Table 3.2: Test matrix for PTPS-DC testing.

Test A B C D E

Variable Control Drive Voltage Internal Pressure Rep Rate C & D
Internal Pressure 3 Torr 3 Torr 4 Torr 3 Torr 4 Torr
Drive Voltage 275 V 325 V 275 V 275 V 275 V
Rep Rate 4 Hz 4 Hz 4 Hz 8 Hz 8 Hz

3.4 Triple Langmuir Probe Experiment

The electron temperature and particle density of the plasma were approxi-

mated using the direct display triple Langmuir probe system shown in Fig. 3.7

with the operating parameters shown in Table 3.3. In this system, three identical

cylindrical electrostatic probes with 2.5 mm length and 0.15 mm radius were
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Figure 3.5: Schematic diagram of the PTPS-DC neutron generation system.

inserted into the plasma. The probe length was chosen such that the Debye

number was between 0 and 1, which has been shown to provide the best accuracy

for electron temperature measurements [88].Tungsten probes were used because

tungsten has been shown to result in low secondary electron emission [78]. One

probe, P2, had no applied voltage and thus remained at the plasma �oating

voltage. The other two probes, P1 and P3, were biased using a �xed dc voltage.

Figure 3.6: X-rays measured at auto-transformer stepping ratios ranging from
50 to 90% of the total dc voltage supply.

45



The voltage di�erence between the �oating probe (P2) and the positively biased

probe (P1) (Vd2 in Fig. 3.7) was used to calculate the electron temperature

(Te [eV]) using (2.9). In (2.9) Vd3 [V] is the applied bias between P1 and

P3. The applied bias voltage, Vd3, was chosen so that it was between �ve and

ten times Vd2, which has been shown to provide accurate electron temperature

measurements [92].

Probes P1 and P3 were connected through the bias voltage Vd3, resulting

in equal current (I [μA]), �owing through each probe [84, 85, 110, 147]. The

electron density of the plasma, ne [m
−3], was calculated using (2.10) where the

current is measured using a 10 kΩ current viewing resistor [108, 110, 156], M is

the e�ective atomic or molecular wight of the ions, Te [eV] is the plasma electron

temperature, and A [mm2] is the area of a single electrostatic probe.

P2 P1 P3

I

Vd2

Vd3

- +

-+

Figure 3.7: Schematic diagram of the triple probe diagnostic for the PTPS.

Table 3.3: Triple probe operating parameters.

Parameter Value Units
Resistor 10 kΩ
Vd3 19.41 V

Electrostatic Probe Radius 0.15 mm
Electrostatic Probe Length 2.5 mm
Electrostatic Probe Area 2.5 mm2

These plasma electron temperature and density calculations use the orbital
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motion limited (OML) theory. The OML theory makes three assumptions, as

mentioned in Chapter 2. First, the plasma is assumed to have a Maxwellian

electron energy distribution function [88, 125, 147, 154]. Second, the ion mean

free path is greater than the ion sheath thickness of the probe and the probe

radius, indicating no interaction between particles in the sheath surrounding the

probe [77, 80, 83, 84, 93, 102, 120, 124, 150, 151]. The third assumption is

that the thickness of the ion sheath is smaller than the separation between the

probes to prevent interaction between probes [84, 89, 92, 102, 106, 107, 109�

111, 119, 137, 147]. In the PTPS plasma, the �rst [88, 147, 154] and third

assumptions are assumed to be true. The mean free path, however, is smaller

than the sheath thickness because the PTPS was operated in the transitional

collisionality region, resulting in error in the particle density calculations using

the OML method. Chung, Talbot, and Touryan showed that OML theory can

be used in the transition region of plasma collisionality, if collisions in the probe

sheath are taken into account [86].

The method established by Tichy, et. al. has been shown to e�ectively

correct for errors caused by collisions in the plasma in the transition collisionality

region [98, 116, 135, 136, 154, 164]. This method takes into account error caused

by elastic scattering and destruction of OML conditions, and combines multiple

electrostatic probe theories to estimate the electron density [98, 116, 135, 136].

First the ion saturation current (Ii, [A]) was determined through the previously

described experiment and normalized using a factor (I∗i ) which accounts for

elastic scattering and destruction of OML conditions.

The rates of ion current to the probe from destruction of OML conditions and

elastic scattering are dependent on the number of collisions in the sheath [135,

136, 148, 157]. The rate of ion current caused by the destruction of orbital

motion (γ1) is a function of the ratio of the current determined through the

Allen, Boyd, and Reynolds (ABR) and Bernstein, Rabinowitz, and Laframboise
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(BRL) theories [135, 136, 154]. If the ion temperature is much less than the

electron temperature, the BRL current can be expressed using (3.3), where η

is a function of the �oating potential (Vf ) normalized to the voltage equivalent

of the electron temperature (VT = kTe/e) (η = Vf/VT + 10) [136, 162, 185].

The ABR current can be approximated using (3.4), which is a function of the

Debye number (Dλ = λD/rp) calculated using the uncorrected electron density,

estimated electron temperature, and the normalized �oating potential (η). The

average number of collisions (Xi) in the sheath can be approximated using (3.5)

which is a function of the sheath width (S,(2.3)) and the ion mean free path

(λi, (2.4)) [135, 136, 148, 154, 157]. The rate of ion current caused by the

destruction of orbital motion can be found using either (3.6) for Xi < 1 (nearly

collisionless) or (3.7) for Xi ≥ 1, based on the number of collisions in the sheath.

The rate of reduction of ion current due to scattering in the sheath (γ2) is a

function of the collisions in the sheath, and can be calculated using (3.8), if

Xi < 1 and (3.9) if Xi ≥ 1.

I∗BRL =
2√
π

√
η (3.3)

I∗ABR = ((Dλ + 0.6)0.05 + 0.04) ·

(
η

0.09 ·
[
exp

(
−D−1

λ

)
+ 0.08

])(Dλ+0.31)−0.6

(3.4)

Xi =
S

λi
(3.5)

γ1 = 1 +

(
I∗ABR
I∗BRL

− 1

)
·Xi (3.6)

γ1 =
I∗ABR
I∗BRL

(3.7)
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γ2 =
(3− 2 exp (−Xi))

(1 + 2Xi)
(3.8)

γ2 =
(3− 2 exp (−Xi))

(2 (1 +Xi))
(3.9)

The electron density of the plasma can be determined through normalizing

the measured ion currents using the normalized dimensionless ion current. The

normalized dimensionless ion current (I∗i ) can be determined by multiplying the

two rates of change for the ion current by the BRL ion current, as shown in

(3.10). The electron density of the plasma (taking into account collisions and

scattering) can be estimated using (3.11), which is a function of the measured

ion saturation current (I, [A]), normalized dimensionless ion current (I∗i ), area

of a single probe (A, [m2]), elementary charge (e, [C]), ion mass (M , [kg]), and

estimated electron temperature (kTe, [eV]).

I∗i = γ1γ2I
∗
BRL (3.10)

ne =
I

I∗i Ae

√
2πM

kTe
(3.11)

Several di�erent parameters were tested to determine their a�ect on the

plasma electron temperature and density, as shown in Table 3.4. Based on the ion

current model in (2.1) the electron temperature and density were assumed to be

most a�ected by the RF input voltage and internal pressure. The dc extraction

voltage was also tested to ensure that it has no a�ect on the characteristic

parameters of the plasma. Fig. 3.8 shows the cross section of the system used for

the triple probe experiments. The three probes were each placed 0.6 mm from

the surface of the piezoelectric transformer (d in Fig. 3.8) so that each probe was

sampling the same position in the plasma [119]. The PTPS cavity had a depth

of 0.9 mm to prevent breakdown between the electrostatic probes and either the
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grounded hollow anode or the piezoelectric transformer. The extraction plate

was located 25 mm from the 0.3 mm radius hollow anode. Hydrogen gas was

�owed into the PTPS cavity to provide internal pressures ranging from 0.75 to

1.25 Torr resulting in a mean free path ranging from 0.188 to 0.113 mm and

Knudsen numbers ranging from 1.25 to 0.75. Based on the internal pressure,

ion mean free path, and ion Knudsen number for these experiments, the PTPS

was operating in the transition region. The PTPS was operated at RF input

voltage amplitudes ranging from 175 to 350 V and ions were extracted at negative

voltages ranging from 700 to 2000 V.

The current was measured using 10 MΩ oscilloscope probes across the 10 kΩ

current sensing resistor. The voltages measured on the electrostatic probes were

only present when the PTPS was generating plasma, as is shown in Fig. 3.9.

The pulses were averaged 64 times and the mean of the voltage was measured to

account for any oscillations in the measurement. Because the PTPS generates

a glow discharge plasma, the electron density is expected to be in the range

of 1015 to 1017 m-3, and the electron temperature is expected range from 1 to

10 eV [122, 176].

Table 3.4: Tested plasma parameters for the triple probe experiments.

Parameter Range Unit

Input RF Peak Amplitude Voltage 175 to 350 V
DC Extraction Voltage 700 to 2000 V

Internal Pressure 0.75, 1.00, 1.25 Torr
Hollow Anode Radius 0.3 mm
Ion Mean Free Path 0.188, 0.141, 0.113 mm

Knudsen Number for Ions 1.25, 0.94, 0.75 unitless
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Figure 3.8: Cross section of the triple probe system used for electron temperature
and density measurements.

0 0.5 1 1.5 2 2.5 3 3.5
−200

0

200

Time [ms]

V
in

 [V
]

0 0.5 1 1.5 2 2.5 3 3.5
0

2

4

Time [ms]

V
d2

 [V
]

 

 

0 0.5 1 1.5 2 2.5 3 3.5
0

50

I [
µA

]

V
d2

I

Figure 3.9: RF input voltage and Vd2(the voltage di�erence between the �oating
probe (P2) and the positively biased probe (P1)) and I for an internal pressure
of 1.25 Torr and 0.6 mm hollow anode. The probe measurements start 150 µs
into the pulse at approximately the same time as the input voltage reaches the
peak value.
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Chapter 4

Experimental Results

This chapter shows the evaluation of the piezoelectric transformer plasma

source (PTPS) as an ion source. The PTPS ion current was measured with

respect to the ionizing gas type, extraction voltage, RF driving voltage, internal

pressure, hollow anode radius, chamber depth, and operating time. The PTPS

was also studied through COMSOL simulation to determine the in�uence of ion

beam optics on the extracted ion beam and to ensure that a meniscus was formed

by the extraction voltage and hollow anode.

Also presented in this chapter are the results of neutron generator testing

and triple electrostatic probe testing. Neutron counts are shown for di�erent

RF driving voltages, internal pressures, pulse repetition rate, and extraction

voltages. The electron temperature and density were measured through the triple

electrostatic probe method with respect to the RF driving voltage, extraction

voltage, and internal pressure.

Finally, the results of the PTPS experiments were compared with the ion

current model presented in Chapter 2. Through a least-squares �t of the modeled

current to the experimental data the electron density was approximated using

an assumed electron temperature. The model was also used to show the impact

of changing the electron current and density on the ion current extracted from

the plasma.
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4.1 Ion Source Characterization

The PTPS was characterized and optimal operating parameters were de-

termined by independently testing each parameter shown in Table 3.1. The

following sections discuss the results for experiments on type of gas, input RF

voltages, dc extraction voltages, hollow anode radii, and calculated internal

pressures.

4.1.1 Deuterium and Hydrogen Gas Testing

The PTPS was tested using both deuterium and hydrogen to establish

a functional relationship between the two gases and con�rm the ion current

dependence on ion mass. For this experiment, the extracted deuterium ions

were assumed to be twice as massive as the extracted hydrogen ions. Figure 4.1

shows the ion current measured using a 400 V RF driving voltage, 0.3 mm

hollow anode radius, 2.5 Torr internal pressure, and dc extraction voltage range

of 200 to 2000 V. The ion currents in Fig. 4.1 represent the average values for

two extraction voltage sweeps for both hydrogen and deuterium gases. The

ion current measured with the two gases followed the predicted trend of the

more massive ion having a lower ion current. The ion current measured using

deuterium gas was 17% larger than predicted at the maximum extraction voltage,

but had a functional relationship of ID ∼ IH/
√

2, which is related to the Bohm

criterion for ion extraction from a sheath [30, 31]. The IH/
√

2 function was

also plotted in Fig. 4.1, further illustrating the functional relationship between

deuterium and hydrogen ion current. This experiment permitted a comparison

between the hydrogen and deuterium ion beams created by the PTPS. Based

on the results of this experiment, all additional ion source characterization

experiments were performed using hydrogen gas and measured currents were

scaled by a multiplying factor of 1/
√

2.
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Figure 4.1: Average measured ion current with error bars representing the range
for deuterium and hydrogen gases and IH/

√
2 found using a 0.3 mm hollow anode

radius, 400 V RF driving voltage, and 2.5 Torr internal pressure over a range of
dc extraction voltages from 200 to 2000 V.

4.1.2 Extraction Voltage Testing

The impact of the extraction voltage on the ion current was measured in

two di�erent experiments. In the �rst experiment, presented in 4.1.1, a 400 V

RF driving voltage, 0.3 mm hollow anode radius, 2.5 Torr internal pressure, dc

extraction voltage range of 200 to 2000 V, and hydrogen and deuterium gases

were used to show the impacts on gas type and extaction voltage on ion current.

Doubling the extraction voltage from -1000 to -2000 V resulted in 1.6 times

greater currents for hydrogen (from 13.6 to 21.6 μA) and 1.96 the ion current

for deuterium (from 9.1 to 17.8 μA). As is shown in Fig. 4.1, the deuterium ion

current was greater than expected.

The second measurement was used to show that the space charge limit is

reached. For this experiment, the PTPS was operated with RF driving voltages

ranging from 200 to 400 V, 0.3 mm hollow anode radius, 2.0 Torr internal pressure
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over an extraction voltage magnitude ranging from 100 to 2000 V, and hydrogen

gas. The ion current for extraction voltage testing was plotted versus perveance

to show the point at which the ion current reaches the space charge limited

region (shown in Fig. 4.2). Perveance shows the space charge e�ect on the beam

motion, thus the space charge limit is shown in Fig. 4.2 as the point wehere the

curve rolls over. The ion current showed a nearly linear increase with extraction

voltage magnitudes greater than 225, 400, and 550 V for 200, 300, and 400 V

RF driving voltages, respectively.

Based on the ion current model discussed in Section 2.1 the ion current is

porportional to the ratio of the extraction electric �eld and the electric �eld

characteristic of the plasma. The ion currents shown in Figs. 4.1 and 4.2 show

the linear trend of the ion current with increasing extraction voltage.

2 4 6 8 10 12 14
x 10

7

0

5

10

15

20

25

30

Perveance [V3/2/d2]

H
2 I

on
 C

ur
re

nt
 [

µA
]

 

 

0

5

10

15

20

E
qu

iv
al

en
t D

2 I
on

 c
ur

re
nt

 [
µA

] 

400
300
200

RF Driving Voltage [V]

Figure 4.2: Measured hydrogen ion current for three RF driving voltages over a
range of extraction voltages with a 0.3 mm hollow anode radius and an internal
pressure of 2.0 Torr as well as equivalent deuterium ion current.
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Figure 4.3: Measured hydrogen ion current plotted versus perveance for gap
distances ranging from 10 to 25 mm over a range of extraction voltages with a
0.3 mm hollow anode radius at 1.75 and 2.00 Torr internal pressures.

4.1.3 Gap Distance Testing

The impact of gap distance (the distance between the hollow anode and

the extraction electrode) on ion current from the PTPS was tested at di�erent

internal pressures. Gap distances ranging from 10 to 25 mm were examined

at 1.75 and 2.00 Torr internal pressure (corresponding to 17.9 and 20.5 sccm

�ow rates, respectively) with a 0.6 mm radius hollow anode, 300 V RF driving

voltage, extraction voltages from -100 to -2000 V, and hydrogen gas. The ion

currents were plotted versus perveance to determine the space charge e�ect on

the ion beam and relates to the convergence and divergence of the ion beam.

Fig. 4.3 shows the ion currents at 2.00 and 1.75 Torr internal pressure for the

various gap lengths and Fig. 4.4 shows each pressure at the same gap distance

for comparison. For each gap length, the highest ion current was measured at

the highest pressure, with an increase in ion current as perveance and extraction

voltage increased. The space charge limit is reached at -300 V extraction voltage.

When comparing the gap distance, the same trend in ion current is observed for

each internal pressure at the respective gap distance.
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Figure 4.4: Measured hydrogen ion current plotted versus perveance for gap
distances ranging from 10 to 20 mm over a range of extraction voltages with a
0.3 mm hollow anode radius at 1.75 and 2.00 Torr internal pressures.
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Figure 4.5: Measured hydrogen ion current for �ve RF driving voltages over
a range of dc extraction voltages with a 0.3 mm hollow anode radius and an
internal pressure of 2.0 Torr as well as equivalent deuterium ion current.

4.1.4 RF Voltage Testing

The PTPS was tested using di�erent RF driving voltages to con�rm the ion

current dependence on plasma density. The impact of the RF driving voltage

on the ion current was measured using a 0.3 mm hollow anode radius, 2.0 Torr

internal pressure, and 100 to 2000 V extraction voltage, over a range of RF

driving voltages from 200 to 400 V. The ion currents are shown in relation to

the extraction voltage in Fig. 4.5. Doubling the RF driving voltage from 200 to

400 V resulted in more than triple the measured ion current (from 9.0 to 27.8 μA).

These measurements show a linear proportional relationship between the plasma

density, tested through the RF driving voltage, and the ion current. Based on

the results of this experiment, subsequent tests used the RF driving voltage of

400 V.
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4.1.5 Hollow Anode Radius Testing

The impact of the hollow anode size on the ion current was measured

using a 400 V RF driving voltage, 1.5 and 3.0 Torr internal pressures, 100 to

2000 V magnitude extraction voltages, and 0.15 and 0.3 mm hollow anode radii.

Figure 4.6 shows the ion currents measured using the 0.3 and 0.15 mm radius

hollow anode. Doubling the size of the radius from 0.15 to 0.3 mm resulted in

approximately 15 times the ion current; at 3 Torr internal pressure and −2000 V

extraction, the current was 1.6 μA for the 0.15 mm radius and 25.0 μA for

the 0.3 mm radius. These measurements show that the hollow anode size has

a signi�cant impact on the ion current. Based on (3.1), larger hollow anode

sizes require a higher �ow rate to achieve the same pressures. Flow rates and

corresponding internal pressures for this experiment are shown in Table 4.1. Due

to limitations of the mass �ow controller used in the system, the 0.3 mm radius

hollow anode was the largest tested in this experiment.

The current model described in Section 2.1 predicts that the ion current is

directly proportional to the hollow anode radius size. Based on the model, the

doubling the size of the ion current should result in four times the ion current.

Based on the dashed and dotted lines in Fig. 4.6 representing the measured ion

currents for the 0.15 mm hollow anode radius multiplied by four, the measured

ion currents for the 0.3 mm hollow anode radius were approximately four times

larger than predicted using the model. This shows a possible breakdown in the

scaling of the predictive model.

4.1.6 Internal Pressure Testing

The internal pressure of the PTPS was a function of the �ow rate and the

hollow anode radius. Gas in the vacuum background could provide conditions

suitable for �eld ionization from the extraction electrode, or di�use discharges

in the vacuum background within the vicinity of the extraction plate, leading to
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Table 4.1: Gas �ow rate and calculated internal pressure for 0.15 and 0.3 mm
hollow anode aperture.

a [mm] Q [sccm] P [Torr]

0.15 3.8 1.5
0.15 7.7 3.0
0.3 15.4 1.5
0.3 20.4 3.0
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Figure 4.6: Measured ion current for 400 V RF driving voltage over a range
of dc extraction voltages for 0.15 mm (�lled) and 0.3 mm (open) hollow anode
radii and internal pressures of 1.5 Torr (squares) and 3.0 Torr (circles) as well
as equivalent deuterium ion current. The predicted current based on the ratio
of the hollow anode radius size is plotted based on the smaller aperture data for
the 3.0 Torr (blue dashed line) and 1.5 Torr (green dotted line).
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inaccurate measurements of the ion currents from the PTPS. To achieve the ion

current goal of the PTPS while keeping the gas in the vacuum background at a

minimum, a high degree of ionization was required.

The impact of internal pressure on the ion current was measured using two

di�erent experiments. In the �rst experiment, the PTPS was operated with a

400 V RF driving voltage, 0.3 mm hollow anode radius, 100 to 2000 V magnitude

extraction voltage, and 1.5 and 3.0 Torr internal pressures. Changes in the

internal pressure were achieved by varying the �ow rate resulting in internal

pressures of 1.5 and 3.0 Torr, as shown in Table 4.1. The results of this

experiment are shown in Fig. 4.6. Doubling the internal pressure from 1.5 to

3.0 Torr resulted in a 1.6 times increase in current (from 15.5 to 25.0 μA for the

0.3 mm hollow anode radius). Due to the capacity of the �ow controller, testing

at higher internal pressures required a smaller hollow anode radius.

The impact of PTPS internal pressure on ion current was tested using a

0.15 mm hollow anode and two di�erent crystals. The crystals were both

operated at a driving voltage of 400 V with internal pressures ranging from

1.5 to 11.0 Torr and ion extraction voltage of -2000 V. The �ow rates required

for the various internal pressures are shown in Table 4.2. Fig. 4.7 shows that

three internal pressure sweeps were done for each crystal. Crystal #56 was from

the April 2014 batch of crystals and was new at the time of testing, and crystal

#4 was from the April 2013 batch of crystals and had been used for several

di�erent tests. Both crystals had freshly painted silver electrodes applied to

the piezoelectric crystal at the start of this testing. Crystal #4 only operated

consistently at internal pressures up to 7.5 Torr, while crystal #56 operated up

to 11.0 Torr with both crystals showing an increase in ion current with internal

pressure. Fig. 4.8 shows the average of the three tests shown in Fig. 4.7 with error

bars showing the range of currents. These graphs also show little variation in ion

currents measured with di�erent piezoelectric transformers in di�erent trials.
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Table 4.2: Gas �ow rate and calculated internal pressure for 0.15 mm hollow
anode aperture

Q [sccm] P [Torr]

3.8 1.5
5.1 2.0
6.4 2.5
7.7 3.0
8.9 3.5
10.2 4.0
11.5 4.5
12.8 5.0
14.1 5.5
15.4 6.0
16.6 6.5
18.2 7.0
19.2 7.5
20.4 8.0
21.8 8.5
23.1 9.0
24.4 9.5
25.8 10.0
26.8 10.5
28.2 11.0
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Figure 4.7: Measured hydrogen ion current found using a 0.15 mm hollow
anode radius, 400 V RF driving voltage, and -2000 V dc extraction voltage
over a range of pressures from 1.5 to 11.0 Torr for two di�erent piezoelectric
transformers. Each piezoelectric transformer (#4 and #56) was operated with
identical parameters for three trials (1, 2, and 3)
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Figure 4.8: Averaged measured hydrogen ion current found using a 0.15 mm
hollow anode radius, 400 V RF driving voltage, and -2000 V dc extraction voltage
over a range of pressures from 1.5 to 11.0 Torr for two di�erent piezoelectric
transformers.

4.1.7 Holder Depth Testing

Holders with di�erent depths were tested to determine if the size of the plasma

generating region had an impact on the ion current collected. The di�erent

depths of the holders allowed for a di�erent plasma generation area between the

piezoelectric transformer surface and the hollow anode. Holders with depths of

3, 6, and 9 mm were used for this experiment. Fig. 4.9 shows the ion currents

measured over a range of dc extraction voltages with a 0.3 mm hollow anode

radius, an RF driving voltage of 350 V, and an internal pressure of 1.25 Torr

with chamber depths of 3, 6, and 9 mm. At the maximum extraction voltage,

the measured hydrogen ion currents were 13.7, 8.8, and 6.9 µA for the holders

with 3, 6, and 9 mm depths, respectively.
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Figure 4.9: Measured hydrogen ion current for three di�erent chamber depths
over a range of dc extraction voltages with a 0.3 mm hollow anode radius, an
RF driving voltage of 350 V, and an internal pressure of 1.25 Torr.

4.1.8 Operational Time Testing

To determine the a�ect of operational time on ion current extracted from

the PTPS, the experiment was performed with the same input parameters for

extended periods of time. Fig. 4.10 shows the normalized ion current with

respect to time for pulsed mode operation for time periods ranging from 4 to

10 hours, with the open markers corresponding to the �rst crystal and the closed

markers corresponding to the second crystals. Two di�erent cystals were tested

to show that each crystal required a similar warm up time and operated similarly

over time. Based on these results, it was determined that the PTPS should be

operated for at least 45 minutes before data are taken, because of the decrease to

approximately 50% of the initial measured ion current. The high initial current

could be due to contamination on the piezoelectric transformer or PTPS holder

caused by the device being out of vacuum for any period of time resulting in ions

other than those from the hydrogen plasma. This experiment showed that the
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Figure 4.10: Ion current normalized to the initial ion current over time for two
di�erent crystals, with the open markers representing crystal one and the �lled
markers representing crystal two.

PTPS was capable of operating for extended periods of time.

4.1.9 Ion Optic Simulation

One method of improving the performance of an ion source is to improve the

focus of the ions being extracted from the hollow anode aperture. As discussed in

Section 2.1, the ions are extracted from the plasma meniscus, the shape of which

is controlled by the extraction electric �eld and the hollow anode. The ion beam

shape is controlled by the shape of the meniscus, with well collimated beams

coming from a convex meniscus [69, 70, 72, 74]. Through COMSOL simulations,

shown in Fig. 4.11 for the 0.15 and 0.3 mm radius hollow anode, it was determined

that the PTPS meniscus was concave for extraction voltages ranging from 100 to

2000 V [183]. Simulations were used rather than experiments because the aim

was to merely show the proof of principle that an ion optic should improve the

ion current yield.
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(a) 0.15 mm hollow anode radius (b) 0.3 mm hollow anode radius

Figure 4.11: COMSOL simulation of meniscus formed inside the hollow anode
aperture at 2000 V extraction.

To further collimate the ion beam, an optic could be added between the hollow

anode and the extraction plate of the experiment. As is shown in Fig. 4.12, the

ion beam collimates when an optic is added to the extraction system. The

simulation shows that to be e�ective, the optic should be at least 3 mm from the

hollow anode. The simulation also shows that if a large extraction plate is used,

most ions will be collected by it. An optic would be useful in cases where a large

extraction plate is not feasible, such as in a compact neutron generator that uses

a small deuterium-doped target, because a greater percentage of the ions would

reach the target.

4.1.10 Summary of Ion Source Characterization

The PTPS ion current was characterized and optimized through RF input

driving voltage, dc extraction voltage, hollow anode size, internal pressure, and

gas type. The PTPS was tested using deuterium and hydrogen gas to show

a functional relationship between the two gases of ID ∼ IH/
√

2. Further
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(a) No Optic (b) 1 mm

(c) 2 mm (d) 3 mm

(e) 4 mm (f) 5 mm

Figure 4.12: COMSOL simulation of the PTPS with a 2.4 mm opening optic
at -100 V at di�erent spacing from the 0.3 mm radius hollow anode with the
-1000 V extraction voltage.
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characterization showed that the hollow anode size had the greatest impact on

the ion currents, while the RF driving voltage had a greater in�uence on plasma

density than the internal pressure. The extraction voltage also proved to be

a means of increasing the ion current output of the PTPS, and holders with

the smallest depths produced the largest ion currents. Using di�erent chamber

depths showed that increasing the chamber depth, and as such the spacing

between the grounded hollow anode and the powered piezoelectric transformer,

resulted in a decrease in ion current. The PTPS was operated using the same

parameters for an extended period of time, showing that the PTPS should be

operated for at least 45 minutes to reach a stable current, but was capable of

operating for 10 hours. Finally, through simulation it was shown that a meniscus

was formed by the extraction voltage and the hollow anode and the addition of

an ion optic would result in a more collimated ion beam.

4.2 Neutron Generation Testing

The PTPS-DC experiment was used to show that the PTPS was capable of

producing su�cient ion beam currents to generate neutrons with a dc accelerating

voltage. Using a series of one hour tests described in Section 3.3, the PTPS-DC

system was used to determine what input parameters had the greatest impact on

the neutrons detected. Fig. 4.13 shows the results of the boxcar averaged PTPS-

DC experiment. The results were boxcar averaged to segment each hour into

ten minute intervals (n=26). The 5% false alarm probability (FAP) and average

background are also shown in Fig. 4.13. Counts above these levels indicate that

neutrons were present.

The PTPS was tested with �ve di�erent accelerating voltages ranging from

57 to 105 kV. At accelerating voltages greater than 69 kV, count rates above

background were observed with a signi�cance of p less than 0.05. The PTPS-

DC experiment was also tested to determine the impact of the PTPS internal
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Table 4.3: Average counts and false alarm probability for the PTPS-DC test.

Accelerating Potential [kV] Average Count Rate [10 min-1] False Alarm Probability

57 97.4 12%
69 110.5 4.3%
82 135.7 0.07%
92 166.2 ~0.0%
105 220.9 ~0.0%

pressure, RF driving voltage, and repetition rate. No signi�cant in�uence of

these parameters was observed, as is shown in Fig. 4.13. Fewer input parameters

were tested with the 92 and 105 kV accelerating voltages due to breakdown in

the vacuum chamber.

The average count rates were calculated for each accelerating potential, and

are shown in Table 4.3 with the corresponding FAP. The data were presented in a

box and whisker plot to show the distribution for each test. The blue box shows

the �rst and third quartiles of the data, the black whiskers show the maximum

and minimum values, the red line inside the box shows the median value of the

data set, and any additional red dots outside the boxes represent the outliers

for the data. When the accelerating potential was increased from 57 to 105 kV,

the average count rate increased from 97.5 to 220.9 counts/10 min. The FAP

also decreased from 12% to less than 0.1% over the same range of accelerating

potentials, with accelerating potentials greater than 82 kV having a FAP of less

than 0.1%. This test demonstrated that the PTPS was capable of producing

su�cient ion currents for neutron counts above background when coupled with

a deuterium-doped target powered by a dc accelerating potential.

4.3 Electron Temperature and Density Estimates

The PTPS plasma was characterized using the plasma electron density,

electron temperature, and extracted ion current. This characterization was
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Figure 4.13: Neutron Counts in 10 minutes as a function of accelerating potential
for the test matrix shown ain Table 3.2. In these plots the BG is the background
neutron count and the FAP is the false alarm probability.
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accomplished through the use of a range of extraction voltages, RF input

voltages, and internal pressures using the system described in Section 3.4. The

experiments were divided into two sets. The �rst set of experiments was used

to con�rm that the extraction voltage did not a�ect the fundamental plasma

characteristics with a constant RF input voltage and internal pressure. The

second set of experiments was used to determine whether the RF input voltage

and internal pressure of the PTPS a�ected the electron temperature and density

of the plasma. The ion current was measured as a reference for both experiments.

Each experiment was performed three times under identical conditions and each

data point represents the average of the results from the three tests with the

error bars showing the range of each measurement.

Increasing the extraction voltage was shown to result in an increase in ion

current in Subsection 4.1.2. To con�rm that the extraction voltage only a�ected

the ion current and not the electron temperature and density of the plasma,

the electron temperature and density of the plasma and the ion current were

monitored while the extraction voltage was swept from -700 to -2000 V.

Fig. 4.14 shows the electron temperature as it relates to the extraction

voltage. The electron temperature calculated using (2.9) was determined to

be approximately 4.45 eV. The electron temperature remained constant over the

range of extraction voltages tested.

The ion current model allowed for an order of magnitude approximation

once the electron temperature and ion current were known. The ion mass used

for the calculation was that of H3
+ because a plasma generated in the 1 Torr

pressure range would have H3
+ as the dominant ion as described in Section 2.3.

Ion currents were extracted from a 0.6 mm-deep holder (which represents the

same distance between the electrostatic probes from the piezoelectric transformer

surface). The electron density of the plasma was approximated using a non-linear

least squares �t with the measured ion currents (shown in Fig. 4.15), average
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Figure 4.14: Measured electron temperature of the plasma over a range of dc
extraction voltages with a 0.3 mm hollow anode radius, an RF driving voltage
of 350 V, and an internal pressure of 1.25 Torr.

electron temperature of 4.45 eV (calculated from Fig. 4.14), and the ion current

model in (2.1). The electron density was estimated to be 2.3 × 1015 m-3 for a

H3
+ plasma as shown in Fig. 4.15 with the measured ion current for comparison.

The electron density was initially estimated using the orbital motion limited

(OML) approach using (2.10), with the measured electron temperature and

assuming H3
+ion mass as shown in Fig. 4.16. This resulted in an average

estimated electron density of 5.6 × 1016 m-3, an order of magnitude greater

than the 1015 m-3 predicted using the ion current model. Based on the ion

trajectories described in Chapter 2, this increase was most likely attributable to

the destruction of OML as well as elastic scattering in the sheath surrounding the

probe. While an order of magnitude above the expected value, the uncorrected

plasma electron density shows little change over the range of extraction voltages

tested.

Fig. 4.17 shows the electron density calculated using the measured electron
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Figure 4.15: Measured ion current over a range of dc extraction voltages from
700 to 2000 V with a 0.3 mm hollow anode radius, an RF input voltage of
350 V, and an internal pressure of 1.25 Torr plotted with ion current calculated
using (2.1) for H3

+ ions at an electron temperature of 4.45 eV and density of
2.5× 1015 m-3.
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Figure 4.16: Uncorrected estimated electron density assuming H3
+ ions over a

range of dc extraction voltages with a 0.3 mm hollow anode radius, and RF
driving voltage of 350 V, and an internal pressure of 1.25 Torr.

temperature and ion saturation current from the triple electrostatic probe

experiment with a H3
+ plasma ion. The electron density in Fig. 4.17 was

corrected to account for errors in the ion current measurement caused by

collisions and scattering in the sheath as described in Section 3.4. After applying

the correction factor, the average electron density was 6.6 × 1015 m-3. The

corrected electron density value falls within the predicted order of magnitude for

the ion current and temperature found in this experiment (as shown in Table 4.4)

and remained constant over the tested range of extraction voltages.

Fig. 4.18 shows the ion current measured with a constant -2000 V extraction

voltage, RF input voltages ranging from 175 to 350 V, and internal pressures

ranging from 0.75 to 1.25 Torr to allow for a comparison of the ion current and

the electron temperature and density. Ion currents ranged from 1.89 to 6.93 µA,

and increased with the RF input voltage. The highest ion currents were measured

at the highest RF input voltage and internal pressure.
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Figure 4.17: Estimated electron density of the plasma over a range of dc
extraction voltages from 700 to 2000 V with a 0.3 mm hollow anode radius,
an RF input voltage of 350 V, an internal pressure of 1.25 Torr, and H3

+ ions.
The density was corrected to account for collisions and scattering in the sheath
surrounding the electrostatic probe.

Table 4.4: Modeled and average measured particle density for the extracted ion
current over a range of dc extraction voltages from -700 to -2000 V with a 0.3 mm
hollow anode radius and an internal pressure of 1.25 Torr assuming an electron
temperature of 4.45 eV.

Assumed Ion Modeled Uncorrected Estimated Corrected Estimated Units

H+ 1.2× 1015 3.2× 1016 3.4× 1015 m−3

H2
+ 1.9× 1015 4.5× 1016 4.6× 1015 m−3

H3
+ 2.5× 1015 5.6× 1016 6.6× 1015 m−3
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Figure 4.18: Measured hydrogen ion current for three internal pressures over a
range of RF driving voltages with a 0.3 mm hollow anode radius and an extraction
voltage of -2000 V.

Fig. 4.19 shows the electron temperature as it relates to the RF input voltage

and internal pressure. Electron temperatures ranged from 1.75 to 4.44 eV, with

the highest electron temperatures measured at the highest input voltage and

internal pressure. The electron temperature showed an increase with increasing

RF input voltage and internal pressure.

The electron density was calculated and corrected as described in Section 3.4

for a plasma consisting of H3
+ ions. As shown in Fig. 4.20, the electron densities

ranged from 1.7 × 1015 m-3 to 7.9 × 1015 m-3, with the highest values measured

at the highest RF input voltage and internal pressure.

4.4 Ion Current Model

Based on the results of ion source characterization, the ion current model

described in Section 2.1 was used to determine the in�uence of electron
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Figure 4.19: Measured electron temperature for three internal pressures over a
range of RF driving voltages with a 0.3 mm hollow anode radius and an extraction
voltage of -2000 V.
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Figure 4.20: Measured particle density corrected for H3
+ions for three internal

pressures over a range of RF driving voltages with a 0.3 mm hollow anode radius
and an extraction voltage of -2000 V.
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temperature and density on the ion current extracted from the plasma and was

used to approximate the electron current and density of some of the extracted

ion currents.

To determine degree of impact of electron density and temperature on the ion

current produced by the PTPS, a large and small sweep of electron densities and

a small sweep of the electron temperature were performed within the acceptable

operating range for a glow discharge plasma. In Figs. 4.21, 4.22, and 4.23 the

average measured hydrogen ion current for two data collections with a 400 V

amplitude RF driving voltage, 0.3 mm radius hollow anode, H3
+ ion, and 2.5 Torr

internal pressure was included for reference. In Figs. 4.21 and 4.22 the electron

temperature is held at a constant 7 eV while the electron density is changed.

In Fig. 4.21, the densities are seperated by an order of magnitude to show the

sensitivity of the ion current model to the order of magnitude of the electron

density. Fig. 4.22 shows the impact of changing the electron density by 1 m-3. The

electron temperature sweep, shown in Fig. 4.23, indicates that the ion current is

a�ected by the change in electron temperature similarly to the electron density

at small increments. Based on these calculations, the order of magnitude of the

electron density has the greatest a�ect on the ion current.

Fig. 4.24 shows the measured hydrogen ion current for two data collections

with a 400 V amplitude RF driving voltage, 0.3 mm radius hollow anode, H3
+

ion, and 2.5 Torr internal pressure. Also shown in Fig. 4.24 is the modeled current

assuming an electron density of 7.16×1015 m-3and electron temperature 4.44 eV.

Based on the non-linear least squares �t of the listed parameters the electron

density was found to be on the order of 1016 m-3at 2.5 Torr. Table 4.5 shows

the results of the non-linear least squares �t for electron temperatures from 1 to

10 eV, further demonstrating the minimal change in the electron density with

the changing temperature.
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Figure 4.21: Measured and calculated ion current. The calculated current shown
here used three densities and a �xed electron temperature of 7 eV. Measured
current found hydrogen with a 0.3 mm hollow anode radius, 400 V RF driving
voltage, and 2.5 Torr internal pressure over a range of dc extraction voltages
from 200 to 2000 V.

Table 4.5: Electron density found using the non-linear least square �t of the ion
current model for electron temperatures from 1 to 10 eV for the hydrogen ion
current shown in Fig. 4.24.

Electron Temperature [eV] Electron Density [×1016 m-3]

1 2.5
2 1.9
3 1.6
4 1.5
5 1.3
6 1.2
7 1.2
8 1.1
9 1.0
10 1.0
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Figure 4.22: Measured and calculated ion current. The calculated current shown
here used densities in the 1016 m-3 range and a �xed electron temperature of
7 eV. Measured current found hydrogen with a 0.3 mm hollow anode radius,
400 V RF driving voltage, and 2.5 Torr internal pressure over a range of dc
extraction voltages from 200 to 2000 V.
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Figure 4.23: Measured and calculated ion current. The calculated current shown
here used a �xed density of 1.4 × 1016 m-3 and a range of temperatures from
1 to 7 eV. Measured current found hydrogen with a 0.3 mm hollow anode radius,
400 V RF driving voltage, and 2.5 Torr internal pressure over a range of dc
extraction voltages from 200 to 2000 V.
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Figure 4.24: Measured and predicted hydrogen current for a 400 V input
voltage, 2.5 Torr internal pressure, 0.3 mm radius hollow anode, 4.44 eV electron
temperature and 7.16× 1015 m-3electron density.
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Chapter 5

Conclusions

The piezoelectric transformer plasma source (PTPS) was characterized as

an ion source for neutron production. The PTPS was tested to determine the

impact of several input parameters to the system on ion current to determine the

optimal operating conditions of the source. The PTPS was also integrated into

a neutron generation system to con�rm that the PTPS was capable of producing

the ion current outputs required for neutron production. The electrostatic probe

method was used to determine the in�uence of PTPS input parameters on the

electron temperature and density of the plasma. Finally, the PTPS results

were compared with the ion current model to show comparisons between the

model predictions and results. The ion current model was also used to predict

the electron temperature and density given the measured ion current and input

parameters of the PTPS.

5.1 Ion Source Characterization Experiment

The PTPS was characterized as a source of ions for neutron production to

determine if the ion source was scalable and comparable with the ion current

model presented in Section 2.1. Ion currents were measured using an extraction

system with varied ionizing gases, extraction voltages, extraction gap lengths,
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RF driving voltages, hollow anode sizes, internal gas pressures, chamber depths,

and operating durations. The ion current was assumed to be a function of the

extraction electric �eld of the measurement system and the ion mass, electron

temperature, and electron density of the plasma.

The PTPS was tested using hydrogen and deuterium gases to determine a

functional relationship between the two. The ion currents showed a functional

relationship of ID ∼ IH/
√

2, where ID is the deuterium ion current and IH

is the hydrogen ion current. This relationship is consistent with the Bohm

criterion. Once a functional relationship was established between the hydrogen

and deuterium gases, further testing was performed with hydrogen gas.

The impact of the extraction electric �eld on the ion current was tested by

changing the extraction voltage, and the gap length between the hollow anode

and secondary electron suppression grid. The extraction voltage was swept from

-100 to -2000 V for three di�erent RF driving voltages and plotted in perveance to

show that the ion current is in the space-charge limited region. The measured ion

current increased with the increasing extraction voltages and RF input voltages.

To further test the a�ects of the extraction electric �eld, the PTPS was tested

with extraction gap lengths ranging from 10 to 25 mm for two internal pressures

and the same range extraction voltages. The current reached the space-charge

limit for each of the internal pressures and gaps. At the larger gap lengths,

the extraction electric �eld applied was limited by the maximum amount of

extraction voltage that could be supplied to the system, but at each gap length

the space-charge limit is reached at -300 V extraction. The results also showed

that the ion current measured had a similar trend at both internal pressures,

with the higher currents measured at the higher pressure.

The electron density and temperature of the plasma were assumed to be

functions of the RF driving voltage, hollow anode radius, internal pressure, and

ionizing chamber depth. The electric �eld ionizing the supplied gas was a function
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of the RF driving voltage and the ionizing chamber depth. To determine the

impact of RF driving voltage on ion current, the RF driving voltage was varied

from 200 to 400 V. At the maximum extraction voltage, doubling the RF driving

voltage (from 200 to 400 V) resulted in more than triple the ion current. To

determine the in�uence of chamber depth on the ion current, chamber depths of

3, 6, and 9 mm were used resulting in the highest ion currents measured at the

smallest depth. The internal pressure of the ionizing chamber was controlled by

the �ow rate of gas into the PTPS and the hollow anode through which ions were

extracted. Doubling the hollow anode size resulted in a signi�cant ion current

increase, while increasing the �ow rate to double the internal pressure resulted in

an ion current increase of 1.6 times. Additional internal pressure testing showed

that, within the capabilities of the gas �ow equipment, the ion current did not

reach a maximum value for the internal pressure.

To function as an ion source for neutron production, the PTPS would need to

be able to operate for extended periods of time. Tests con�rmed that the PTPS

was able to function for lengths of time ranging from 4 to 10 hours. The initial

measured currents were approximately 50% higher than ion currents measured

45 minutes after the PTPS operation was started. Based on these results the

PTPS was operated for at least 45 minutes before experiments were performed.

The PTPS ion current was characterized to determine the optimal operating

parameters. The ionizing gas, extraction voltage, extraction gap length, RF

driving voltage, ionization chamber depth, hollow anode size, internal gas

pressure, and operation duration were tested. Based on the results of these

experiments, the PTPS is a scalable ion source capable of producing ion currents

in the micro-Ampere range, with the maximum measured ion current of 27 µA

for hydrogen gas, which corresponds to 19 µA for deuterium gas.
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5.2 Neutron Generation Experiment

The PTPS was integrated into a system for neutron production with a dc

high voltage source supplying the ion accelerating voltage to a deuterium-doped

titanium target. The neutron counts generated by the system were measured

for various dc accelerating voltages, RF driving voltage, internal pressure, and

operating pulse repetition rate. Neutron counts above background were measured

measured at each accelerating voltage, with no false alarm probability (FAP)

at accelerating voltages greater than 92 kV. No discernible trend was observed

with the change of the RF driving voltage, internal pressure, and operating

pulse repetition rate. Based on the neutron generation experiment, the PTPS

is a viable ion source for neutron production, especially at accelerating voltages

greater than 92 kV.

5.3 Electrostatic Probe Experiment

The electron density and temperature of the plasma were estimated using the

triple electrostatic probe method to determine the in�uence of extraction voltage,

RF driving voltage, and internal pressure of the PTPS on the fundamental

parameters of the plasma. The extraction voltage testing showed that while ion

current increased as the extraction voltage increased, the electron temperature

and density remained constant. The internal pressure and RF input voltage

testing showed an increase in ion current, electron temperature, and electron

density with the increase in internal pressure and RF driving voltage. Based on

these measurements the PTPS operated between 0.75 and 1.25 Torr produced

electron temperatures in the range of 1.75 to 4.44 eV and electron densities in

the range of 1.7× 1015 to 7.9× 1015 m-3, which are within the acceptable range

for a glow discharge plasma.
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5.4 Ion Current Model

Comparisons of the ion current model, described in Section 2.1, with the

results of the ion source characterization experiment and electrostatic probe

experiment showed that the ion current model could be used to predict the

output of the PTPS, though the hollow anode radius had a larger impact on

experimental results than the model had predicted. Calculations were performed

to show that the order of magnitude of the electron density of the plasma had a

signi�cant in�uence on the ion current, while the electron temperature had much

less of an impact.

5.5 Summary

The PTPS was tested as an ion source for neutron production. It was

characterized to determine that it was a scalable ion source capable of ion

currents in the miro-Ampere range. The PTPS was integrated into a neutron

generator system, proving that the ion currents produced were su�cient for

neutron counts above background. The electron density and temperature were

measured using an electrostatic probe system, and agreed with the order of

magnitude approximation of the ion current model and the accepted values for a

glow discharge plasma. Finally, the ion current model was shown to agree with

the results of the PTPS testing, allowing for approximations of the ion current

from the PTPS. Based on these experiments, the PTPS could be used as an ion

source for neutron production, but would require increased ion currents to make

it competitive with existing technologies.
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