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Abstract 
 

Studies in High Current Density Ion Sources for 
Heavy Ion Fusion Applications* 

 
By 

 
Edwin Chacón-Gólcher 

 
Doctor of Philosophy in Engineering – Nuclear Engineering 

 
University of California at Berkeley 

 
Professor Edward C. Morse, Chair 

 
 

 This dissertation develops diverse research on small (diameter ~ few mm), high 

current density (J ~ several tens of mA/cm2) heavy ion sources.  The research has been 

developed in the context of a programmatic interest within the Heavy Ion Fusion (HIF) 

Program to explore alternative architectures in the beam injection systems that use the 

merging of small, bright beams.  An ion gun was designed and built for these 

experiments.  Results of average current density yield (< J >) at different operating 

conditions are presented for K+ and Cs+ contact ionization sources and potassium 

aluminum silicate sources.  Maximum < J > values for a K+ beam of ~90 mA/cm2 were 

observed in 2.3 µs pulses. Measurements of beam intensity profiles and emittances are 

included. Measurements of neutral particle desorption are presented at different operating 

conditions which lead to a better understanding of the underlying atomic diffusion 

processes that determine the lifetime of the emitter.  Estimates of diffusion times 

consistent with measurements are presented, as well as estimates of maximum repetition 

                                                           
* This work was performed under the auspices of the Office of Fusion Energy Science, U.S. Department of 
Energy by the University of California Lawrence Berkeley National Laboratory under contract No. DE-
AC03-765F00098. 

 1



rates achievable.  Diverse studies performed on the composition and preparation of alkali 

aluminosilicate ion sources are also presented.  In addition, this work includes 

preliminary work carried out exploring the viability of an argon plasma ion source and a 

bismuth metal vapor vacuum arc (MEVVA) ion source.  For the former ion source, fast 

rise-times (~1µs), high current densities (~ 100 mA/cm2) and low operating pressures (< 

2 mtorr) were verified.  For the latter, high but acceptable levels of beam emittance were 

measured (εn ≤ 0.006 π.mm.mrad) although measured currents differed from the desired 

ones (I ~ 5mA) by about a factor of 10.   

 
 
 
 
 
 

Professor Edward C. Morse 
Dissertation Committee Chair 
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Chapter 1: Introduction 
 
1.1 On the organization of this dissertation. 
 
 

 The words in the following pages summarize the efforts and experiments carried 

out in the Heavy Ion Fusion group at LBNL on the topic of high current density ion 

sources.  The present chapter presents the introductory notes regarding the justification 

for this research, and the interest in the operation of contact ionization sources and 

aluminum silicate sources on these regimes of operation. 

 Chapter 2 deals with diverse studies carried out on the topic of potassium 

aluminum silicate sources, more specifically, on the conditions most appropriate for 

yielding high current density capabilities on this type of material.  The main diagnostic 

used in this section was a scanning electron microscope. 

 Chapter 3 presents the experimental apparatuses used in these experiments.  All 

relevant features of design and construction are detailed in this chapter. 
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 Chapter 4 details the experimental results on a variety of ion sources tested.  

Potassium and Cesium contact ionization source results are presented, as well as the 

diverse findings on potassium aluminum silicate sources.  Average current densities 

observed as a function of surface temperature, as well as current output as a function of 

time are presented.  Similar results are presented for tests on composite sources fabricated 

with mixtures of aluminum silicate powders and molybdenum and tungsten powders.  

The chapter closes with double and single slit measurements of integrated beam profiles 

and emittance measurements.  Much of the information presented in this chapter is 

presented in a practically anecdotal manner.  To some extent this follows the “ion 

sourcery” tradition, in which the ion sources sometimes tend to behave in an almost 

capricious way, despite being prepared and operated in what would be thought as 

equivalent conditions.  This is addressed and partially explained in the following chapter. 

 Chapter 5 is an attempt to provide a stronger conceptual foundation to many of 

the observations and measurements described in Chapter 4.  Most important, is the 

attempt to estimate the diffusion properties of the alkali atoms within the porous tungsten 

substrate.  These considerations have been made possible by the high sensitivity of the 

neutral detector used in these experiments.  These estimates have made possible further 

exploration of questions such as the rates at which the surface is replenished, and from it, 

some rough guesses as to what are the repetition rates achievable by ion sources.  These 

estimates are very preliminary but open the doors for more detailed analyses in this 

regard, making possible the full understanding and theoretical prediction of the ion 

source behavior in the case of contact ionization sources. 

 Chapter 6 is a summary of the most relevant conclusions delivered by this work. 
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 Two appendices present information on preliminary experiments carried out by 

the author and collaborators on the topics of a plasma ion source and a MEVVA type ion 

source, both candidates for use in the multiple beamlet architecture. 

 

1.2 On the rationale for multiple small beamlet injectors requiring high current 
density. 

 

The traditional concept for a future HIF driver injector involves the use of close to 

a hundred beams, each with a current on the order of 1 A and a normalized emittance of 

around 1 π.mm.mrad.  Voltage breakdown and space charge limited emission 

considerations dictate constraints for the current yield and geometry of a single beam.  

The result is that the more current is required, the larger is the required size of the emitter 

and the lower is the current density.  The use of multiple beamlets avoids this scaling.  In 

the same way that in the traditional architectures the total current requirement can be 

supplied by several tens of 1A beams, it is possible to use multiple beamlets to supply the 

required current per beam. A multiple beamlet injection system may provide significant 

advantages: 

1. Smaller beam envelope excursions. 

2. Increased control over the shaping and aiming of the beam. 

3. Increased flexibility in the types of ion sources that can be used. 

Figure 1.1 shows a representation of the potential advantages in volume reduction 

of the injector system with a multiple-beamlet design.  The figure compares the 

outermost beamline in a multiple large emitter injector concept with the expected size of 

a multiple-small beamlet equivalent current beamline (Kwan, 2001). 
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Figure 1.1  Comparison of the sizes of a large emitter, low J design with a multiple high J 
beamlet design. 

 

The reduction in size is accomplished by matching the beam requirements at the 

start of a transport lattice through an adequate geometrical configuration of the aperture 

plates (Einzel lens transport system).  The elliptical arrangement allows for exact 

matching into quadrupole transport channel.  Figures 1.2 and 1.3 show a larger geometric 

detail of one such concept. 

 

ESQ Channel
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using Einzel lens  
focusing for beamlets

0.4 MV beamlet- 
merging section

  - 7 cm
  

Figure 1.2 Detail o

 

0.57 A, K+, εn ≤ 1 π-mm-mrad
  -  1.0 m   

f the dimensions of a multiple-beamlet injector.  
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φ aperture = 4mm

Figure 1.3.  Aperture configuration at the last accelerating plate (left) and X and Y beam 
radii on merge region and entrance to the transport lattice. 

 

 With the multiple beamlet architecture, a concern that arises is that of emittance 

growth due to the required merging process.  Previous work in this problem [Anderson] 

indicates that free space charge field energy leads to emittance growth.  Here free energy 

is defined by the difference between the self-field energy of a specific configuration and 

that of a single, uniform beam with the same perveance and root-mean-square radius.  

Free energy will be available whenever the space charge distribution is non-uniform, 

which is an inherent characteristic of multiple beamlet merging.   

 Simulations have shown that the emittance growth after the merging process can 

be reduced through different measures: a) increasing the merging energy, b) decreasing 

the inter-beamlet spacing and c) increasing the number of beamlets. 

 Following these guidelines, a basic design (Grote, 2002) for an HIF injector 

would consist of the initial accelerating columns leading into a merging region.  
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Furthermore, since the individual beamlets can be properly aimed, the system can be 

designed such that the merged beam is matched when it enters the transport channel.   

The elimination of a matching section is a significant advantage over traditional injector 

architectures where the required matching of a round beam to an elliptical transport 

channel usually requires large envelope excursions and thus larger system volume. 

 The simplest design for the initial accelerating region consists of a series of 

alternating gradient Einzel lenses.  The alternating potential between the plates provides 

an alternating focusing and defocusing effect that transports the beam through the system.  

This type of beam transport only is effective at low energies. Since it is desirable to do 

the merging at as high energy as possible, a compromise has to be attained. 

 The inter-beamlet spacing can not be arbitrarily reduced since there are material 

requirements between the apertures to provide mechanical support.  Aperture offsets are 

important since the transverse force on the beamlets due to offsets could steer them into 

the metal plates.  The plates must also have small separation between them (relative to 

the aperture radii and beamlet separations) so that the electrostatic forces between the 

beamlets are minimized.   For a given beamlet current, the size is constrained by the 

voltage differences between the plates, the aperture radius and the beam energy. 

 The final conditions of the merging section are dictated by the requirements of the 

transport channel (current, energy, beam size and divergence).  This in turn determines 

the overall length of the merging section as well as the beam RMS convergence at the 

start of the region.  With these constraints, the main free parameters in the design become 

the number of beamlets and the merging energy.  The transport channel current together 

with the number of beamlets determines the current per beamlet.   
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 The Einzel lenses focusing strength, as well as the maximum current density 

obtainable from the used ion source, constrain the source emitter diameter for the given 

current per beamlet.  The system is further determined by defining the clearance between 

the beamlets and the corresponding apertures and the inter-aperture spacing. 
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Chapter 2:  Potassium aluminum silicate ion sources 
 
 
2.1 On the structure and nomenclature of the alkali aluminosilicates. 

 

In order to have a clearer idea of the nature of the aluminosilicate sources, some 

background in mineralogy is justified.  This becomes particularly important since the 

literature on diverse ion emitting minerals is usually confusing regarding the names of the 

used minerals, making terms like “zeolites”, “aluminosilicates” and more specific ones 

like “eucryptite” or “spodumene” fully interchangeable.  This section is a modest effort to 

clarify the relevant nomenclature. 

The alkali aluminosilicates belong to the largest class of minerals, the silicates.  

The basic building block of this class is the SiO4 group, a tetrahedron structure with a – 4 

charge.   
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Figure 2.1.  SiO4 group, elementary building block of the silicates. 
  

The + 4 valence of the Si atom is paired to one valence electron in each oxygen 

atom, leaving every oxygen free to form an additional bond with other atoms, thus 

leaving the net valence of  – 4. 

The silicates are divided in turn by subclasses, not by their chemistry, but by their 

structure.  The classification is shown in Figure 2.2.  Though not exhaustive, in the sense 

that not all the subclasses are listed, this classification is a convenient way of picturing 

how the minerals of interest for the present application relate to one another. 

Of particular interest are minerals in the tectosilicate subclass.  These “framework 

silicates” are composed of interconnected tetrahedrons yielding a silicon-to-oxygen ratio 

of 1:2.  In pure form, when only Si and O are present, this mineral is known as quartz.  

However, it is possible for Aluminum ions to replace silicon ions up to 50%.  The amount 

of aluminum present is the main cause for the structural variations in the tectosilicates.  

While the tetrahedral structure remains the same, the net valence of the system becomes – 

5 (since the oxidation state of the Al is + 3).  To preserve charge neutrality in the crystal, 

additional cations are needed in the overall structure to preserve the charge neutrality.   

This is the main source of variations within this subclass. 
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It is within the tectosilicates that we find the minerals of interest for ion source 

applications, in particular, some types of potassium aluminum silicates.  The potassium 

aluminum silicates are present primarily as the alkali feldspars listed in Figure 2.2.  The 

general formula for the common feldspars is XAl(1-2)Si(3-2)O8, where the X can be sodium, 

potassium or calcium, or a combination of these.  When the cation represented by X has a 

+1 charge, as it would in the case of Na or K, then the formula will contain one Al ion 

and three Si ions.  On the other hand, if the valence were +2 (as with calcium), then the 

formula will contain two aluminum and two silicon ions.  This keeps the formula 

balanced as aluminum has a charge of +3 while silicon has one of +4.  This is an 

interesting example of how the composition of the mineral directly relates with the 

conditions of charge neutrality and the conditions that may or may not favor the emission 

of ions from such structure.  The potassium feldspars listed in Figure 2.2 are examples of 

potassium aluminum silicates, like the microcline and orthoclase, (sanidine is a potassium 

sodium aluminum silicate), but none of these minerals is actually used in ion source 

applications. 

The feldspathoid group the most important for our application.  The feldspathoids 

are not typical in the sense that they are not related to each other by structure and 

chemistry, but by their particular relation with the feldspars.  The feldspathoids are low 

silica igneous minerals that would have formed feldspars if the original magma that 

formed them had been richer in silica.  While in the feldspars the aluminum to silicon 

ratio is 1:3, in the case of the feldspathoids this ratio is nearly 1:1.   

The feldspathoids are similar to the zeolites in that they have large openings 

within the crystal structure.  These openings are mostly separated from each other and do 
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not lend themselves to the movement of ions and molecules that is possible in the larger 

openings of the zeolite structure.  Among the feldspathoids, the only potassium aluminum 

silicate goes by the name of leucite, and has the general formula K20.Al2O3
.4SiO2.  This 

last mineral is the one used throughout the experiments described in this work. 

The name “leucite” has its etymological origin in the Greek word for “white”, in 

direct allusion to its typical color.  At temperatures higher than 605 °C, leucite is 

isometric and will form a trapezohedron crystal.  At lower temperatures, the isometric 

structure is unstable and transforms into a tetragonal structure without altering the 

outward shape.  The following is a list of some of leucite’s physical characteristics. 

a. Color: clear, white or gray, with possible yellowish and reddish tints. 

b. Luster: vitreous, greasy or dull. 

c. Transparency: the crystals are transparent, translucent to commonly opaque. 

d. Cleavage: absent. 

e. Hardness: 5.5 – 5. 

f. Specific Gravity: 2.4 – 2.5. 

g. Streak: white. 

These characteristics correspond to what is observed in the samples used 

throughout HIF experiments. 

 As information of interest, Figures 2.3, 2.4 and 2.5 show the phase diagram 

relevant for understanding the diverse compositions and temperatures of the K2O – Al2O3 

- SiO2 system, and the structural diagram of the leucite phase at temperatures below 605 

°C.  The tetrahedral disposition of oxygen atoms with a Si or Al atom at its center can be 
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seen.  The larger (green colored) atoms correspond to the position of the alkali in the 

compound. 

 Regarding some other common terms that appear on the literature, the main 

distinction that is usually made is regarding the difference between spodumene, a mineral 

of the form X2O.Al2O3
.4SiO2, and eucryptite, of the form X2O.Al2O3

.2SiO2, where X 

represents the alkali metal of interest.  It appears that the terms “spodumene” and 

“eucryptite” should apply only when the used alkali is lithium.  In our case, Leucite 

would be the corresponding spodumene-like compound.  Depending on the application 

and the type of ion required, one of the previous two types of compounds may be 

preferable to the other.  The literature mentions in general that when the required ion is 

lithium, the eucryptite is a preferrable material.   In case that sodium and or potassium are 

required, the “spodumene-analog” (that is, leucite) is the material preferred at 

temperatures above 1,000 °C.  This is also the case for rubidium, although it is mentioned 

that higher temperatures are required in this last case, above 1,100 °C. 

 Another term that seems to be generically used is the term “zeolite”.  Zeolites are 

framework silicates consisting also of interlocking tetrahedrons of SiO4 and AlO4.  The 

zeolites have large vacant spaces in their negatively charged structure.  These spaces 

allow large cations, molecules and cation groups to reside and move throughout the 

structure.  While the literature offers examples of zeolites used as ion emitters, such as 

the case of mordenite ((Ca,Na2,K2)Al2Si10O24
.7H20), a hydrated calcium, sodium, 

potassium aluminum silicate, these have not been known to have better performance or 

ion output than the minerals currently in use in our applications and so have not been 

used in the present work.  Preparation of suitable ion emitting zeolites would include 

 12



some kind of ion-substitution process which is not 100% efficient, thus leading to an 

inherent impurity content. 
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Figure 2.2.  Clasification of the silicates by structure. 
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Figure 2.3.  Phase diagram of the K2O-Al2O3-SiO2 system. 
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Figure 2.4  Structure of the mineral leucite in its low temperature form.  Color Code: 
Green: K, Red: O, Al and Si occupy the space inside the purple tetrahedrons. 

 

 

 

Figure 2.5.  Alternative view of the leucite structure revealing the apertures in the 
structure.  Same color coding as in Figure 2.4. 
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2.2 Scanning electron microscope studies on Aluminosilicates. 
 

A goal of the studies carried out in this work regarding aluminosilicates has been 

the introduction of more objective criteria regarding the characteristics and quality of the 

emitter materials used for HIF’s ion sources.  This need arose due to variation in the 

emitting properties observed in aluminosilicates prepared with what were thought to be 

equal procedures.   To attain this objective, a more systematic use of a Scanning Electron 

Microscope (SEM) in the analyses of the aluminosilicates was introduced.  The goals of 

this effort have been to identify how the types of microscopic structures relate to 

emission quality, to explore what types of elemental composition relate to acceptable 

emission properties and to verify if any changes were needed in the standard alkali 

aluminosilicate fabrication procedures. 

These types of analyses were made not only on the sources intended for high 

current density yield, but also in large (multi-cm) diameter sources used in diverse HIF 

experiments.   So among the outcomes of this effort one can find a quality control 

technique for the alkali aluminosilicates prepared for HIF. 

 

2.2.1 Preparation of alkali aluminosilicates. 
 

  The standard way of preparing an alkali aluminosilicate source is described in 

internal documentation in the HIF group (Chupp, 1993) which in turn has been adapted 

from the literature (Feeney, 1976).  As a summary, the alkali aluminosilicates are 

prepared by mixing stoichiometric quantities of an alkali carbonate.  The ones used in our 

experiments are synthesized by mixing stoichiometric quantities of an alkali carbonate, 
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silicon oxide and aluminum oxide.  Significant care must be taken regarding the humidity 

control and thorough mixing.  Equation (2.1) represents the aluminosilicate forming 

reaction.  X represents the alkali species. 

 
↑+⋅⋅→++ ∆ 2232223232 44 COSiOOAlOXSiOOAlCOX  (2.1) 

 
 

The product is ground until it can be sifted through a 200-mesh wire sieve. A 

slurry, made of aluminosilicate powder and de-ionized water is poured onto the surface of 

the tungsten substrate.  In case of large ion sources, a plastic molding tool, is used to 

press the slurry and give it its final form with a desired thickness (~0.5mm).  Slow drying 

is carried out in a chamber with humidity control.  The final step is firing of the coated 

substrate at 1,580°C in a vacuum furnace.  The temperature profile is controlled for both 

heating and cooling at a rate of ~ 10°C /min at temperatures above 700 °C.  Inadequate 

temperature control, or excessive temperature (above melting) may result in undesired 

loss of cations in the compound with subsequent change in the composition of the 

material, or surface distortion due to the molten compound’s surface tension. 

 The aluminosilicate powder composition used to make the sources was analyzed 

using the X-ray characteristics resulting from an incident electron beam in the SEM.  The 

results obtained form the basic signature of the aluminosilicate under study.  The 

following Figure 2.6 shows such a characteristic signature.  The vertical axis shows the 

number of counts detected at each energy bin.  The spectrum shown, as well as similar 

spectra obtained for raw aluminosilicate powders have been used throughout the 

experiments as a benchmark against which variations in composition are assessed.  It is 

important to note that in relative terms, the signals obtained for 3 of the basic elements, 
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oxygen, aluminum and potassium are of roughly the same intensity, and all of them are 

between 40 to 70% of the intensity of the silicon line.  Significant variations of the 

composition will be observed depending on the preparation characteristics of the studied 

samples.  These will be shown below.   

 

 
Figure 2.6.  Scanning Electron Microscope X – ray signature of a potassium 

aluminosilicate powder.   
 

 With the SEM tool, it is possible to identify the spatial location of the signals 

observed in the composition spectra.  This has proven to be an important tool, since the 

presence of all the elements required to form the aluminosilicate does not necessarily 

imply having the right compound.  Figure 2.7 shows a set of such maps. When the 

electron beam of the SEM strikes the material to be analyzed, electrons in the materialk 

go to excited states.  When these electrons return to their ground states they release 

characteristic photons which are registered by the detector.  The information from the 
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detector is then processed and correlated with the information in an element library that 

contains the expected energy of the photons, by element, at the electron beam energy 

used.  Images like the one shown in Figure 2.7 represent the intensity of the photon count 

as a function of the position, thus giving an idea of the element distribution.  It is possible 

to observe a positive correlation among all the components (the signals from the elements 

come in general from the same regions), as would be expected from a potassium 

aluminosilicate mineral.   It should be remembered that at the scale that the SEM is 

analyzing, there should not be any possibility of discerning the different positions of the 

atoms on any element if the structure is an aluminosilicate mineral.  Any separation of the 

elements should thus be an indication that fundamental deviations from the 

aluminosilicate structure are occurring. 

 

 

  

  
Figure 2.7.  Intensity map on an element basis. The width of e
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small zirconium peak.  In general, purity levels of 99.99% for the compounds are 

recommended. 

 
Figure 2.8.  Potassium aluminosilicate spectrum depicting a zirconium impurity. 
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Figure 2.9.  Element distribution map corresponding to Fig. 2.8
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2.2.2 Element composition dependence on preparation temperature. 
 

 Despite the ubiquitousness of the potassium aluminosilicate mineral in HIF 

experiments, the knowledge base of this material has been developed traditionally in an 

empirical way.  This has been the tradition regarding the most appropriate methods for 

preparation of the mineral itself and then the ion sources.   

The effort undertaken in this section depicts the first attempts within the HIF 

practice, to the author’s knowledge, to observe changes in composition of the material, as 

a function of the preparation conditions.  As the next results show, the composition and 

microscopic appearance of the ion sources depends very strongly on the preparation 

temperature.  This can be easily seen in the next figures showing the composition of 

several ¼” ion sources, prepared with the same base powder and metallic substrates.  The 

only difference has been the heating temperature. 

  Figure 2.10 shows the spectrum of an aluminosilicate source fired at 1,500 °C in 

an argon atmosphere.  Figure 2.11 shows the corresponding spatial distribution of the 

elements from the area analyzed on Figure 2.10.  It is worth noting at this point that the 

use of noble gas atmospheres during firing was avoided due to the very poor performance 

of the ion sources prepared with this method.  Vacuum conditions are preferred.   In 

general, it was observed that when argon atmospheres were used, there was a negligible 

ion output by the emitter.  Furthermore, the inspection of the surface appearance after 

firing the emitter in the ion gun revealed bubble-like structures at the surface as if gas had 

been released during firing.  It is unclear why there was such effect by the argon 

atmosphere, but given the undesirable results, it was concluded that vacuum atmospheres 

would subsequently be used. 
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Figure 2.10. Spectrum of an aluminosilicate source prepared at 1500°C in an argon 

atmosphere.  Glassy appearance with specs of aluminum oxide. 
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Hence a more accurate assessment of the Al value is obtained (otherwise the Al signal 

would be higher and closer to the Si peak). 

 

 
Figure 2.12. Spectrum of an aluminosilicate source prepared at 1550°C in an argon 

atmosphere. 
 

 

Figure 2.13 shows a photograph of the region analyzed on the previous figure.  Note the 

glassy appearance of the surface with the specs of aluminum oxide.  Figure 2.14 shows 

the corresponding element distribution maps.  The image corresponds to the central part 

of the photograph in Figure 2.13. 
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Figure 2.13.  Photograph of the aluminosilicate prepared at 1,550°C.  Note the aluminum 

oxide specs on the surface.  1,000X magnification. 
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begin to emerge.  Specifically, a needle-like structure composed of aluminum oxide 

crystals starts to become visible.  This is more clearly shown in Figure 2.16, the 

corresponding spatial distribution map.  A more dramatic case is shown in figures 2.17 

and 2.18, of an emitter fired at an even higher temperature of 1,660 °C. 

 

 
Figure 2.15. Spectrum of an aluminosilicate source prepared at 1,610°C in vacuum.  Note 

the significant decrease of potassium.  
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Al K 

O Si 

Figure 2.18.  Element distribution map of the aluminosilicate prepared at 1,660°C.  At 
this temperature, there is a significant separation of the components.  Silicon and 

aluminum are now anti-correlated.  The little potassium that remains is associated with 
the Si while the dendrites appear to be formed out of aluminum oxide. 

 

 
From the above discussion, it seems that the most important consideration in the 

preparation of the aluminosilicate is to maintain a preparation temperature that will 

preserve the physical integrity of the desired material.  It is clear that at temperatures 

around 1,600 °C and above, there are obvious changes in the structure of the material as 

seen above.  These changes have been manifested in a change of the material 

composition and a more serious separation of the components (elements).  These changes 

are known to happen even at lower temperatures (above 1,100 °C) but over much longer 

periods of time (weeks as opposed to hours).  This will be shown at the end of Section 

4.2.3. where composition spectra are shown for an operational, high ion yielding 

aluminosilicate source.  In that section it is shown how the total potassium content of the 

material seems to be a less important factor for the capability to deliver high current 

densities than the maintenance of a uniform element composition.   Section 4.2.3. 

presents is information to support the claim that the improvement in the ion output 

capability of this type of emitter may be related with the decrease of potassium with time.  
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For instance, compare the composition spectra shown in Figure 2.12 (equivalent to the 

“before” picture) with what can be seen in Figures 4.43 and 4.51 (the “after” pictures).  

The comparison is not ideal since the operational emitters were prepared in a vacuum 

atmosphere and a firing temperature around 1,575 °C, while Figure 2.12 was prepared in 

an argon atmosphere.  However, a general idea of the expected change in potassium 

content can be obtained with this comparison. 

As a last note, it is important to emphasize how the only positive experimental 

results were obtained with vacuum atmospheres, and not with noble gases, which are the 

usual alternative. 
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Chapter 3:  Experimental Setup 
 
 
 This section describes the experimental facility and the relevant equipment used 

throughout these experiments.   

 

3.1 Experimental Test Stand 
 

The main experimental facility used was a small test stand intended for ion source 

development work.  The system is comprised of a main cylindrical vacuum tank with 

multiple equipment and diagnostic ports on the circumference and a high voltage 

insulated column on the back of the tank to feed the required electric potentials to the ion 

source.  

 Operating pressures inside the tank as low as 2.10-7 torr were achieved by the dual 

action of a turbomolecular pump and a roughing pump.  A cold cathode gauge monitored 

the base gas pressure. 
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 Figure 3.1 shows a photograph of the vacuum tank used in these experiments. 

 

 
Figure 3.1 Setup Photograph 

 

 There were two main sources of high voltage for these experiments.  The most 

widely used one was a bi-polar, ±35 kV maximum output, high voltage supply based on a 

thyratron-triggered pulse-forming-network.  This power supply provided the highest 

electric field gradients achievable in these experiments and was used to test for maximum 

current output of the ion sources.  The maximum pulse length achievable with this 

machine was ≅ 2.5 µs.  The second source of high voltage was a solid-state modulated 

+50 kV nominal, 20 µs nominal, monopolar power supply.  This machine was mostly 

used to test for the current yielding capability of the ion sources at longer extraction pulse 

lengths.  However, given the impedance characteristics of the setup, there was a trade-off 

between the capability to obtain the ideal square pulse and the capability to obtain the full 

voltage.   Therefore, in order to obtain the highest voltages possible, the pulse rise-time 
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was sacrificed.  Normally rise-times of ~ 10 µs were obtained leaving only the remaining 

10 µs as a flat top.  This longer power supply was used in experiments aimed at 

determining the ion source capabilities at extended pulse lengths. 

 
 
3.2 Mechanical Design of the Ion Gun 

 

Since the main objective of this effort has been to explore the high current density 

regimes of surface ionization – type sources, it was required to provide heating power 

sufficient to raise the surface temperature of the emitter beyond the typical ~ 1,000 °C 

operating temperature of lower current density yielding designs.   

In order to accomplish this purpose, a multiple filament heating module was 

designed.  Four filaments surround a molybdenum alloy emitter holder that allows for an 

easy interchange of the cylindrical emitters.  The filaments themselves are provided with 

mechanical strength through molybdenum-rhenium tubes that are brazed along the 

filament leads.  Several centimeters away from the heating module, these Mo-Rh leads 

are held by copper pieces that also provide the electrical contact for powering the heater.  

This design allows for a filament circuit that is electrically insulated from the structural 

components of the module and the heat shields, at the same time that avoids the use of 

ceramic insulators.  With this design, since the filaments are allowed to move and expand 

freely without any resistance, then the risk of breaking the filaments during operation is 

greatly reduced. 

The main heater cage components are entirely made out of refractory metals to 

sustain the temperatures required.  Molybdenum-rhenium and pure molybdenum were 

used in the heat shields.  Tungsten was used in the source holder and main supporting 
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plate.   Figure 3.2 shows a photograph of the heater main cage and Figure 3.3 a 

photograph of the actual module on its supporting structure. 

 

 

Shields 

Filaments Emitter 

Figure 3.2. Main heater cage showing filaments and main source emitter. 
 

 

Cu contacts

for support

and power

input. 

Figure 3.3. Heater module. 
 

The heater module is supported by ceramic stands that in turn provide the 

required electrical insulation for the copper leads that power the source.   
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 Figure 3.4 shows the typical dependence of the source temperature with respect to 

the electrical power input.  These curves varied to some extent from source to source 

given the small variations in the position of the shields and the source type.   There is 

plenty of room for improvement in this design in terms of thermal efficiency.  The 

corresponding efficiencies at 765 °C and 1,130 °C, calculated by dividing the radiant 

power at the emitter surface by the input power are 3.8 % and 4.2 % respectively. 
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Power (W)  
Figure 3.4.  Typical dependence of the source temperature with respect to the electrical 

power input.  
 

 

The plate on which the module is attached, as seen in Figure 3.3, is in contact 

with the main supporting structure through adjustment screws that may provide 

movement in the vertical and horizontal directions.  This is a convenient way to align the 
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center of the emitter with respect to the extraction plate, as well as provide a means for 

variable perveance if the vertical height of the source is changed.  The assembled ion 

source can be seen in Figure 3.5. 

 

 
Figure 3.5.  High J ion gun with extraction plate on. 

 

The multiple heater approach is not based on efficiency considerations but rather 

on the need to guarantee high temperatures at the emitter surface.  Nevertheless, the 

multiple heater design would be applicable to a multiple beamlet system.  Through the 

use of multiple filaments, an array of sources can be made in which the efficiency would 

increase as more sources are included, thanks to the reduction of heat loss area and 

presumably a lower operating temperature required on the filaments. 
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3.3 Diagnostics 
 

 The main diagnostics used in these experiments were a large faraday cup, a 

neutral particle detector and a double slit scanning system.   These instruments are 

described in the following section. 

 

 

3.3.1 Faraday Cup 
 

Since the main figure of merit to assess the ion yield from a source is the average 

current density emitted, the main diagnostic used in these experiments has been a Faraday 

Cup (FC).  The FC used consists of a grounded cylindrical casing that encloses two 

electrodes, electrically insulated from the casing.   Figure 3.6 and 3.7 show the relevant 

features of this diagnostic. 

 
Figure 3.6.  3 – D CAD half-view representation of the used Faraday Cup. 
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Figure 3.7.  Faraday Cup dimensions, in inches. 

 

The larger electrode, the collector, is shaped to receive the incoming ion beam.   

The excess charge on the collector has a path to ground through a coupling circuit that 

allows the application of a biasing voltage as well as a monitoring of the arriving current.  

A schematic of the coupling circuit used is shown in Figure 3.8.  The collector is usually 

biased positive, to attract the secondary electrons that are generated when the ion beam 

strikes.  A honeycomb shaped structure made with sheet metal is inserted at the end of 

the collector.  This aids in shaping the fields and giving depth to the potential region with 

positive value, further helping in electron confinement. 

 

1MΩ
100kΩ

1µF, 3kV

280kΩ
Bias input

Bias output to
collector

Monitor, 50 Ω
to scope

 

Figure 3.8  Coupling circuit diagram. 
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The second electrode, the suppressor, is a ring at the entrance of the collector.  

The purpose of the suppressor is to establish a region of negative potential of such 

magnitude that secondary electrons generated at the collector can be forced back into the 

collector region.  The suppressor voltage also helps to reject incoming low energy 

electrons that may travel with the ion beam.   

 

3.3.2 Neutral Particle Detector 
 

Neutral particle emission is of paramount importance in the studies of contact 

ionization sources.   At any given moment there is a fraction of the total population of 

alkali atoms that exists in neutral form on the metallic substrate.  Their continual 

evaporation constitutes a loss mechanism for the alkali atoms and may further have other 

unwanted consequences.  For instance, an ion beam could degrade due to charge 

exchange processes as it moves through a neutral background, and the continual 

deposition of alkali atoms on insulator surfaces could pose a threat to their voltage 

holding capabilities.   Neutral particle emission theory from tungsten surfaces has been 

elaborated elsewhere (Langmuir & Taylor, 1933); however, a need for direct 

measurement of this process has existed in HIF research given the diversity of non-ideal 

conditions of the sources under consideration (diverse degrees of surface porosity, 

contaminants, unknown alkali surface coverages, etc.) 

The essential features of this device are shown in Figure 3.9.  The neutral detector 

operation is based on the principle of ionizing the neutral efflux emitted by a source, with 

the subsequent measurement of the current generated (in analogous way to how a vacuum 

ion gauge works).  This is accomplished by means of a thin platinum foil that is heated to 
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an operating temperature of about 1,050 °C by a DC current driven through it.  The Pt 

foil is exposed to the ion source.  Neutral particles travel into the detector and impinge 

the platinum foil that in turn will ionize the arriving neutrals with high efficiency due to 

its high electron work function of 5.39 eV.  A negatively biased collector applies a 

constant electric field on the platinum foil, extracting the newly formed ions and 

collecting them.  The casing of this setup has been biased positively to prevent the ions 

from striking the casing or leaving the detector.  Grids of 90% transparency are located in 

the casing and collector apertures to ease the collection of particles, aid in shielding and 

improve the field uniformity. 
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Figure 3.9  Schematic of the neutral particle detector. 

 

Ions arriving at the collector make a very small current that is measured through 

the voltage drop across a large resistance on its path to ground.  A special multimeter 
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with 10 GΩ input impedance was used, given the large value of the resistor chosen.  

Another voltage monitor was put to inspect for any currents arriving or leaving the casing 

and that would be identified as sources of error.  No such currents were identified. 

The conversion factor that translates currents measured at the neutral detector to 

neutral particle density emitted at the source is purely determined by the setup geometry 

and is estimated in direct analogy with the shape factors common in radiation heat 

transfer.  In this way, the total current arriving at an area A2 due to a particle efflux 

emanating from an area A1 is given by the relation: 
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where J0
0 is the neutral particle efflux density at the source, and the term A1F1-2 is given 

by the relation: 
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here ‘r’ is the distance between two area elements dA1 and dA2, and θ1 represents the 

angle with respect to the normal at which dA2 is “viewed” from the center of dA1.  The 

angle θ2 is interpreted in an analogous way but with dA2 as the reference.  In our 

particular case, the rectangular platinum foil (A2) and the circular source (A1) are parallel 

and θ1 and θ2 are equal. Equation (3.2) also includes the assumption of emission 

following Lambert’s cosine law for the particle emission.  Typical values of A1F1-2 of  ~ 

2*10-3 cm2 were estimated at the detector – source distances used.  Figure 3.10 shows a 

convenient visualization of the shape factor dependence with the operating distance. 
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Figure 3.10.  Dependence of the shape factor between the ¼” source and the Pt foil in the 

neutral detector on the distance between them. 
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Figure 3.11.  CAD representation of the neutral detector. 
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3.3.3 Double slit scanner. 
 

 The double slit scanner is a standard diagnostic used throughout the HIF 

experiments.  The system consists of two movable thin slits that move across the beam 

perpendicular to its direction of propagation.  They serve a dual purpose: first, if only one 

slit is used, by detecting the signal of a beam that gets through this slit, the transverse 

intensity profile of the particle beam can be resolved.  The single slit measurement 

effectively integrates over the direction parallel to the slit’s length, so the scanning of this 

uniform (and axisymmetric) beam would in principle yield an inverted parabola as a 

profile.  Comparison of the measured beam with respect to this uniform ideal is done this 

way.  The second purpose involves the dual action of both slits.  When the beam strikes 

the first slit, a “sheet beam” will emerge downstream.  The natural expansion of the 

envelope of this sheet beam will occur due to two reasons.  On one hand, the self-fields 

of the beam will push the outer particles outward, hence increasing the size of the beam.  

On the other, even if the beam were neutral, the random motion of the particles within the 

beam would also induce an increase of the dimensions of the sheet beam.  The setup 

geometry is chosen such that the later effect is dominant.  The second slit can thus be 

moved across the sheet beam to sample this expansion.  The expansion or divergence of 

this sheet beam is intimately related with a fundamental beam property, the emittance, as 

will be seen next.  Figure 3.12 shows a cartoon representing the action of the two slits in 

the emittance measurement. 
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Figure 3.12 Schematic of the action of the double slit system for measuring the emittance.  

(Taken from MacLaren, 2000.) 
 

 It is useful at this point to go through derivation of the relevant quantities that can 

be measured with this setup, starting with the envelope equation. Consider the equation 

that represents the envelope of a particle beam of elliptical section as a function of the 

propagation distance “z”: 
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Here “a” and “b” are the semi axes of the ellipsoidal cross section of the beam, Q is the 

dimensionless perveance defined as 
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and the kx terms represent the applied fields, or quadrupole strengths (depending on the 

magnetic or electrostatic transport being used): 

2

'
mv
qEkx γ

=  (3.5) 

 42



mv
qBkx γ

'
=  (3.6) 

What is desired to know is the dependence of the emittance term, εx, in terms of 

measurable parameters.  We start by noticing that the value of <x2> over a the beam cross 

section is (assuming an axisymmetric beam of radius “a”): 
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The first two derivatives of this expression (with respect to the direction of propagation, 

and cast in a convenient form) are: 
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At this point, an expression for <xx’’> is needed.  A usable expression for x’’ can be 

derived starting from the expressions of the fields acting on the beam and the equation of 

motion: 
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Combining the above equations, expressing the external fields in the form kx(z)x and 

turning the time derivative into a spatial one (assuming constant axial velocity) we arrive 

at: 
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Finally, this expression can be used to calculate <xx”> yielding: 
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Using the derived expression for <xx”> in 
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and using the relation 
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we arrive at 
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Comparing with the original envelope equation (3.3) we find that the edge emittance can 

be expressed as 

( ) 222 ''4 xxxxrmsxedge ⋅−≡= εε  (3.18) 

At each position and angle, a certain signal amplitude is measured.  The data obtained is 

sufficient to estimate all the required average values of the relevant quantities and finally 

yielding a measurement of the beam emittance in accordance with the formulas (3.19) 

through (3.22) 
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Equation (3.24) is the final equation that is used for the estimates presented in the 

following chapter. 

 It is also important to mention here the particular considerations relevant to the 

assessment of the most dominant factors that contribute to the expansion of the sheet 

beam, namely, the random motion versus the space charge expansion mentioned before. 

Upon exiting the first slit, the emerging sheet beam will have a natural tendency to 

expand due to its self-fields and the thermal motion of the particles. A similar analysis 

can be made to this sheet beam in terms of finding its envelope equation.  In this case, no 

external fields are considered. 

 45



3

2

"
a

Ka s
ε

+=  (3.25) 

where the perveance of the sheet beam is 
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Since Ks does not depend on a, the envelope equation can be integrated: 
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where the first term on the right hand side of the equation is the thermal contribution to 

the beam expansion and the last term is the self-field contribution. We consider a sheet 

beam produced at the center of the incident beam, so a’ = 0.  Further, since emittance 

scales linearly with phase space dimensions, the ratio of the sheet beam emittance to its 

width is equal to that of the full beam to its radius. So 
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where s is the slit width, rbeam is the beam radius and d is the distance between the slits. 

At the same time, the contribution to the envelope expansion due to the self-fields can be 

expressed in terms of known quantities as: 
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The ratio of the expressions (3.28) and (3.29) gives the relative importance of both terms 

with respect to one another.  In the experiments that are discussed on these pages, care 

has been taken to make the thermal contribution the dominant term, as the emittance is 

what is desired to measure. 
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Chapter 4: Experimental Results 
 

This section contains the experimental results obtained throughout these 

experiments.  Information on the ion source analysis and preparation, ion and neutral 

particle yields as well as other relevant results is presented for the surface ionization 

sources.  Some of these results have been published in the article “Development of High 

Current Density Surface Ionization Sources for Heavy Ion Fusion Applications”, see 

references. 
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4.1 Contact Ionization Source Preparation. 
 

4.1.1 Doping Calculation. 
 

The estimate for the amount of alkali-carbonate to be used to “dope” the sources 

is done as follows.   The porosity (P) of the emitter is estimated by direct measurement of 

its weight (w) and its volume (Vpellet), as well as knowledge of its theoretical density (ρth): 

thpelletV
wP
ρ⋅

−=1  (4.1) 

Typically, the sources that were used in these experiments had porosity values between 

20 and 30%.  A rough estimate of the number of grains (Ng) contained in the solid body 

of the source is of course given by: 

grain

pellet
g V

PV
N

)1( −⋅
=  (4.2) 

where Vgrain is the volume of a single tungsten grain, as estimated by assuming a 

spherical shape and a diameter equal to the powder nominal size (between 6 and 12 µm).  

The total internal area (Aint) in the emitter is estimated finally as 

kANA gg ⋅⋅=int  (4.3) 

where Ag is the surface area per grain and “k” is a factor smaller than 1 that attempts to 

reflect the fact that a fraction of the grains surface is not part of the internal area due to 

the interconnectivity of the grains.  A general value for this factor of 0.5 was used 

throughout. 

 The alkali atoms are deposited in the emitter in the form of a solution of the alkali 

carbonate (K2CO3 or Cs2CO3) in de-ionized water.  The amount of carbonate (Mcarb) used 
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to dope a single emitter was estimated to provide enough alkali atoms to cover the 

internal surface of the emitter with a single layer.  This amount is given by 

A

wcarb
carb N

MAM int0σ
=  (4.4) 

where σ0 is the number of alkali atoms in a single monolayer over a tungsten surface (~ 

4.8.1014 cm-2), Mwcarb is the molecular weight of the carbonate used and NA is Avogadro’s 

number.   Since the carbonate should be deposited with a single drop of water (with an 

estimated volume of 1.5.10-2 ml), the concentration of the doping solution is finally 

estimated to be 3.73 mol/l.  This solution was used in the contact ionization source 

experiments described in what follows. 

 
4.2 High Current Density Yields of K+ and Cs+ Sources 
 
 
4.2.1 Performance of High Current Density Potassium on Tungsten Contact 

Ionization Sources. 
 
 

A high current density (J), single gap diode ion source was designed and built to 

extract as much as 100mA/cm2 of a K+ beam (see construction details in Chapter 3.).  The 

target current density was not achieved in the real ion gun as the original design 

calculations did not include the relevant “Pierce electrode – emitter gap” effects.  These 

have a significant effect on the source output (for a simulation on the effects of this gap 

see Chapter 5).  Average values of current obtained differed from the design parameters 

by about 10%.  Two extraction voltage pulsers were used: 70kV max, 2µs pulse length 

and 50kV max, 10µs. The main parameter measured was the average J (<J>).  

Experimental  <J>  vs. voltage (V) curves were obtained for sources operating at different 

temperatures, as well as  <J>  vs. time curves at a fixed temperature.   
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The nature of the operation of contact ionization sources makes their current 

output vary as the alkali atom content of the source varies.  This will be discussed in 

more detail on Chapter 5.  The variability of the current yield becomes more apparent at 

the more demanding regimes of high current density where the relative variation of the 

alkali coverage on the surface is more appreciable than in regimes of lower current 

density.  Figure 4.1 shows an example of the maximum performance observed for a 

potassium doped contact ionization source. As it will be observed later, the output may be 

different at similar operating temperatures.   
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 T = 1100
T = 1175
T = 1210

Extraction Voltage (kV)  
Figure 4.1  Maximum current density output performance observed for a potassium 

doped contact ionization source. 
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Figure 4.3  Decreased current output of a potassium doped tungsten source after 17 hours 

of continual operation at 1.145 °C. 
 

Of interest is knowledge of the actual microscopic appearance of the emitter 

substrate used in the shots shown in Figures 4.2 and 4.3.  The emitter for this test was 

made by pressing tungsten powder of a nominal size of 6 µm in a ¼” die with a 4,000 lb 

force and subsequently sintering the pressed pellet at 1,950 °C for 3 hours in vacuum.  

Given the variations of the grain size with respect to the nominal size, the final features 

of the surface are not always uniform.  Figures 4.4 and 4.5 show two different regions in 

the surface of the emitter near its central region.   While Figure 4.4 displays an apparent 

uniformity of the porosity conditions in the emitter, it was found that the presence of 

regions where the number of pores per unit area was almost non-existent were common.  

Figure 4.5 shows an example of one of these regions.  A combination of factors of 

sintering temperature, and tungsten grain size contribute to this phenomenon. 
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Figure 4.4.  6 µm grain nominal size, sintered tungsten emitter,  near center spot.  Firing 

conditions: 1,950 C, 3h in vacuum. 
 
 

 
Figure 4.5.  Same emitter as in Figure 4.46, different region near the center spot 

displaying one of the multiple regions of no porosity. 
 

It was realized that the manufacturing conditions permitted the closing of pores in 

diverse regions throughout the emitter substrate.  Regions with closed pores may give rise 

to spotty emission, as well as hinder the penetration of the dopant into the bulk material, 

decreasing the total content and lifetime.  In a production source, where presumably there 
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would be a back-feeding of the alkali atoms, this condition may prevent the desired 

uniform migration of the atoms towards the emitting surface.  

The irregularities in surface porosity emerged also closer to the edge of the 

emitter.  Figure 4.6 shows an SEM photograph of the edge of the same pellet.  The 

difference in number of pores per unit area is evident.  Edge-to-center variations of this 

sort are particularly important in emitters of small dimensions, since the relative 

contribution to the total current by the outer regions of the emitter is the largest.  

 

 
Figure 4.6.  Same emitter substrate as shown in Figure 4.4.  Region near the edge of the 

emitter.  Note the differences in surface porosity with respect to the center of the emitter. 
 

 Other representative examples of observed performances in the high J regimes for 

potassium and cesium doped sources are presented next.   The data sets that follow were 

intended to resemble each other in terms of the emitter preparation, alkali atom content 

and heating cycle.  It is important to note that the decreased lifetime at the high current 

density regime, the current output and lifetime are dramatically affected by the (relatively 

short) time that the doped source spends at high temperatures, namely, temperatures in 

excess of 1,200 °C. 
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 Figure 4.7 shows the average current density vs. extraction voltage curves 

measured for a potassium on porous tungsten contact ionization source.  The ion gun 

space charge limit can be clearly appreciated and is represented by the straight V3/2 curve. 

 

1

10

100

1 10 100

T = 1230 C
T = 1205 C
T = 1120 C
T = 1105 C
T = 1050 C
T = 1045 C
T = 1020 C
T = 985 C
V^1.5

y = 0.16 * x (̂1.5)   R= 1 

Extraction Voltage (kV)  
Figure 4.7.  J – V characteristics of a potassium on porous tungsten contact ionization 

source. 
  

 At temperatures above 1,120 °C it was not possible to see emission limited output 

(characterized by a deviation from the V3/2 behavior) at the tested extraction voltages.  As 

it will be seen in the next graphs, the excursions to higher temperatures had a negative 

impact on the ion source lifetime despite the short duration of these excursions (typically 

less than 30 minutes). 

 During these tests, the ion source was run continually, no cooling down or re-

heating of the ion source was performed, with the sole exception of the high temperature 
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excursions necessary to assess the source performance at different points during the 

operation cycle.  The operating temperature for idling the ion source was chosen at a 

higher temperature than doped sources are usually operated in other HIF applications, 

usually around 1,100 °C in the present case.  Figure 4.8 shows another family of J – V 

characteristics for the same ion source after operating for 17 hours at T = 1,075 °C.   At 

these conditions the source is unable to provide the initial performance, yielding a 

maximum of 60 mA/cm2.  In contrast to the recently doped source, temperatures above 

1,200 °C were necessary to make the output insensitive to small variations in 

temperature.  In other words, higher temperatures were needed to preserve a space charge 

limited emission throughout the source.  The J – V curve seems to maintain its position in 

the graph, in contrast to other tests carried out.  In these, after a continued operation, 

small variations in the position of the emitter within the Pierce electrode had an 

appreciable impact on the measured output and the J – V curves showed a downward 

displacement. 
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Figure 4.8  J – V characteristics of a potassium doped tungsten source after almost 17 hr. 

of operation at 1,075 °C. 
 
 

 The final part of the heating cycle associated with this ion source consisted of a 

33 hour period of operation at 1,100 °C.  The performance characteristics at the end of 

this period are depicted in Figure 4.9.  The differences in ion output are evident when 

compared to the performance shown in the previous two figures.  With the conditions 

shown in Figure 4.7 a space charge limited emission was obtained for the whole range of 

the applied voltages, for temperatures above ~1,100 °C.  Under the conditions shown in 

Figure 4.8 there are deviations of up to 15% from the space-charge limit line at high 

current densities (above 60mA/cm2) at any temperature.  In Figure 4.9 it can be seen that 

the maximum space-charge current density is below 10 mA/cm2 at any temperature, 

including the maximum achievable of 1,300 °C.  The maximum emission limited current 

 57



density achieved under these conditions is less than 30% of the maximum space charged 

current shown in Figure 4.7. 

In the conditions shown in Figure 4.9 the performance of such ion source only 

matches the requirements of large HIF ion sources operating at a few mA/cm2.  For a 

large emitter required to deliver an average current density of around 4 mA/cm2, there 

would have been no perceived change in the performance of the source despite the 

temperature excursions that the source has been subject to.  The rapidly changing 

character of the alkali atom content can be appreciated when noting that the ion yield was 

actually decreasing during the measurement of the characteristics at temperatures above 

1,250 °C.   This is evidenced in Figure 4.10. 
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Figure 4.9.  J – V characteristics of a potassium doped tungsten source after 50 hr. of 

operation.  Last 33 hours at 1,100 °C. 
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 Figure 4.10 shows the current output at a fixed voltage measured while the source 

operated at 1,300 °C, very close to the maximum temperature attainable by the ion gun 

heater.   The changes in ion current at that temperature and level of alkali atom content 

occur in a time scale of minutes as shown in the graph.   At higher operating 

temperatures, various effects contribute to a decreased lifetime: 

1. The ratio of the number of neutral atoms to ions throughout the emitter 

increases with temperature by virtue of the equilibrium condition required by 

the Saha equation (Equation 5.1).  

2. The rate at which the neutral atoms are evaporated increases with temperature. 

Neutrals migrate faster through the emitter substrate and are evaporated faster 

once they are at the surface since their mean lifetime on the surface is reduced 

(see discussion in Chapter 5). 

3. The amount of ions that are extracted during the pulse increases. 
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Figure 4.10.  Rapid decrease of output current in a potassium doped tungsten source at 
1,300 °C. 
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 In general, the performance of K doped sources was more difficult to maintain on 

a long term basis than in the case of Cs as will be shown in the following section.   It may 

be appropriate to mention here that the previous results are consistent with the 

observations carried out at LBNL’s 2 MV injector, where the large (4 and 6 inches 

diameter) contact ionization sources usually provide up to a week of operation (in cycles 

of ~ 8 hrs/day for one week). 

 

4.2.2 Performance of High Current Density Cesium on Tungsten Contact 
Ionization Sources. 

 
 

 A test under very close conditions to the one just described above is presented for 

the case of a cesium on a porous tungsten emitter.  The initial performance, with the 

maximum output, of such a source is shown in Figure 4.11.  The V3/2 line corresponds to 

the expected Cs output based on the expected scaling of the emitted current given the 

different mass of the Cs ion.   The behavior of the curves does not follow as closely the 

space charge limit as in the shown examples with potassium sources in this particular 

case.  As it can be seen in the subsequent graphs, this feature is accentuated after the 

source has been operated continually for a number of hours.  Despite maintaining similar 

heating cycle conditions as the potassium doped source of the previuos section, the Cs 

source shows features in its behavior that are unusual but nevertheless worth mentioning.   
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Figure 4.11.  J – V characteristics of a recently doped cesium on tungsten contact 

ionization source. 
 

The main feature was a decrease in the ion yield in a time span of approximately 

10 hours while left operating at a fixed extraction voltage and a temperature of 1,090 °C.   

This is shown in Figure 4.12.  The relevance of this is not the apparent accelerated rate of 

alkali atom loss, since as it will be shown, the ion source performance can be recuperated 

to some extent by further cycling the emitter at higher temperatures.  This suggests some 

poisoning mechanism that was not duly tracked down during the experiment.  No 

significant changes in the background pressure were detected, although since this 

parameter was not continually logged, such event can not be fully discarded. 
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Figure 4.12.  Current output at a constant extraction voltage of a Cs on W source at T = 

1,090 °C. 
 

 Upon increasing the temperature of the emitter beyond 1,200 °C, it was possible 

to recover part of the lost performance.  The new J – V characteristics are shown in 

Figure 4.13.  It can be seen now how the source behaves in the emission limited mode of 

operation regardless of the applied extraction voltage.   A more common mode of 

operation for a Cs doped source is depicted later in this chapter. 
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Figure 4.13.  J – V characteristics of a cesium doped tungsten source after 18 hr. of 

operation at 1,100 °C and reactivation after the ion output previously decayed to zero. 
 

 The last stage of the cycle was performed in an analogous manner with the last 

stage for the potassium source, a period of more than 30 hours at a temperature of 1,100 

°C.  The source characterisistics are shown in Figure 4.14.  Despite a steady decline of 

the ion output over this period, the average current stayed always above 1 mA/cm2, 

increasing with temperature as shown. 
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Figure 4.14.  J – V characteristics of a cesium doped tungsten source after almost 50 hr. 

of operation at 1,100 °C. 
 

 Further testing indicated that the variability in the output of the contact ionization 

sources operating at regimes greater than ~10mA/cm2 can be decreased by increasing the 

time the source spends in the range of up to ~ 1,050 °C, before demanding the high 

current densities.  Presumably, such pre-heating may allow the conditioning of the 

surface, evaporating impurities present that may affect the surface properties of the 

tungsten.  At the same time that the internal coverage of alkali atoms is improved.  An 

example of such preliminary heating is seen in Figure 4.15.  This graph displays the 

hours 12 through 16.5 of a source that has been operated continually at a temperature of 

1,060 °C.  The output is not completely steady.  Some of this variation (the small spread 

or line thickness in the main trend of the data) can be ascribed by a shot-to-shot variation 

of the applied extraction voltage.  The longer-term variations seem to be a characteristic 
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of surface conditions that may change on the time-scales suggested by the graph.  The 

full history of the emitter output as a function of time is shown in Figure 4.16.  The ion 

output capability at moderate regimes can be fully appreciated when considering that 

current densities above 15 mA/cm2 were maintained for a period of about 70 hours. 
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Figure 4.15.  Average current output of a Cs source at a constant extraction voltage and 

temperature of 1,060 °C. 
 

 The steady output and relatively long depletion time of the source is consistent 

with the fact that this source was not subject to the high temperature excursions that were 

mentioned above.   Figure 4.16 displays the typical performance that is to be expected 

from a contact ionization source operating at a single temperature.  The period of steady 

increase in the output current occurs while the alkali atom content of the surface 

decreases due to the combined effect of neutral atom evaporation and ion elimination due 
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to the applied extraction voltage.  Ion evaporation is favored by the decrease in the alkali 

atom coverage of the surface, hence producing an increase of the current output with 

time.  A “plateau” region is attained at a working point that is a balance between the 

average desorption rate of the ions and the neutral particles and the average arrival rate of 

these same species from the bulk of the emitter by diffusion.  The third phase represented 

in Figure 4.16 is the one where the ion output decreases.  This corresponds to the 

depletion region where the ion coverage steadily decreases and is beyond the optimum 

ion coverage.  Any loss of neutral particles as well as any loss of ions is immediately 

accompanied by a decrease in the surface coverage as the replenishment rate does not 

compensate for the loss rate. 
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Figure 4.16.  Average current output of a Cs source at a constant extraction voltage and 

temperature of 1,120 °C. 
 

 A relatively unusual phenomenon was observed during the measurement being 

described that illustrates the influence of the extracted current level on the actual ion 
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surface coverage.  Figure 4.17 shows a measurement of the < J > vs. V characteristics 

made in the first stage (during which the output current increases).  This figure shows a 

hysteresis effect that occurs as the extraction high voltage is increased, and thus the 

amount of ions in the surface is significantly decreased during the pulse.  The test was 

made with a short pulse (~2.5 µs), making the influence of the desorbed ions appreciable.  

The curve was traced by increasing V up to a value where the output current was clearly 

emission limited, following the lower arrow.  Upon maintaining the maximum voltage for 

a few tens of shots, the re-tracing of the curve in the direction of the decreasing voltage 

yielded a consistently higher current output, as indicated by the upper arrow. 
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Figure 4.17.  Hysteresis effect caused by the influence of the ion desorption on the 
surface coverage.  Operating temperature = 1,120 °C. 
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 Figure 4.18 shows a collection of the J – V curves measured at different points 

during the life of the source.   Optimum source performance can be seen that occurs 

during the plateau of Figure 4.16 and is represented by the “after 50 hours” curve of 

Figure 4.18. 
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Figure 4.18.   Family of J – V characteristics measured at different points of the lifetime 

test presented in Figure 4.16. 
 

 Another feature worthy of consideration was observed in this particular run after 

the cooling down of the source.  The emitter was exposed to air and re-doped with a 

similar amount of cesium carbonate as in the test just described.  Once again, the source 

was subject to a preliminary “pre-heating” cycle of 2 days of operation at a temperature 

of 985 °C.  After this period, the J – V characterisitic of the source was as presented in 

Figure 4.19.  The sometimes “capricious” nature of these emitters, despite the apparent 

maintenance of “standard” conditions is illustrated in what follows. 
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Figure 4.19  J – V characteristic of a re-doped Cs on W source after 2 days of pre-heating 

at 985 °C.  
 

 The curve in Figure 4.19 is in a slightly different horizontal position due to the 

use of a slightly different high voltage gain factor than used in the previous test, inducing 

a small translation of the curve to the left, however, this detail is of no relevance to the 

present discussion.  A current extraction test at a constant voltage and at T = 985 °C 

indicated a continual decrease with time of the output current.    The same general trend 

occurred as the source temperature was raised further.  In a way, the source was repeating 

the behavior that would be expected if the emitter had not been re-doped.  The actual 

behavior observed at constant extraction voltage and different temperatures is presented 

in Figure 4.20.  The increase in current output whenever there is a change in temperature 

can be seen, accompanied by an unexpected decrease with time.  Unexpectedly, an 

internal thermal short decreased the source temperature abruptly to 1,005 °C, with a 
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dramatic decrease in the current output as a consequence.  A similarly abrupt correction 

of this problem increased the operating temperature beyond 1,100 °C. 

0

2

4

6

8

10

12

12 16 20 24 28

T = 1,015 C
T = 1,025 C
T = 1,045 C
T = 1,070 C
T = 1,005 C

Time (hr.)  
Figure 4.20  Output vs. time at a constant voltage of a re-doped Cs on tungsten emitter, 

displaying an unexpected decrease of output with time. 
 

 

 The dramatic activation of the source at this temperature can be appreciated in 

Figure 4.21.  It was an unfortunate circumstance in this run that the erratic source heating 

behavior occurred, as it cannot be demonstrated that the full reactivation of the source is 

unrelated to the increased time of operation at temperatures above 1,000 °C.  However, a 

reasonable number of temperatures in the interval 1,000 to 1,100 °C were explored 

(Figure 4.20) with no indication whatsoever of a source activation.  Given the rapid 

increase in output current observed at temperatures beyond 1,100 °C, there is evidence 

that Cs requires an operating temperature of this magnitude to attain the surface 
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conditions that allow for its optimum performance at high current densities.   A sample J 

– V characteristic of the performance achieved after the activation of the source is 

presented in Figure 4.22.  The straight line in this figure is a reference V3/2 line. 
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Figure 4.21  Abrupt activation of a Cs on W source after its operating temperature went 

beyond 1,100 °C. 
 
 

Upon attaining the maximum performance conditions, and just when the first 

signs of source decay in output were being observed, it was possible to back down the  

operating temperature to assess the maximum average current available at different 

operating temperatures.  These results are presented in Figure 4.22.  The current density 

levels shown in this figure are comparable to the levels attained in Figure 4.20, the main 

differences being the slightly higher current density levels after the full recovery of the 

source, and most importantly, the constancy of the current level, which was dropping 

before the source was “activated”. 
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Figure 4.22  J – V performance of the activated Cs on W doped source at an operating 

temperature of 1,150 °C. 
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Figure 4.23  Cooling down cycle of a Cs on tungsten source showing the maximum 

average current densities achievable at the different temperatures in an emission limited 
mode. 
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Figure 4.24  Comparison of the maximum average current density measured for the Cs 

doped source compared with the maximum expected theoretical current density. 
 
 
4.2.3 Performance of High Current Density Potassium Aluminosilicate Sources. 

 
A similar characterization of the performance of a potassium aluminosilicate 

source as the ones described above was carried out.  This type of source has revealed 

unexpected performance levels in terms of the high current density achieved.  As usual, 

the main diagnostics that were carried out have been a direct measurement of the average 

current density output at different operating temperatures, as well as a measurement of 

the current output as a function of time.  

This type of source was prepared by the deposition of a thin (approximately 0.7 

mm (~ 0.030”)) aluminosilicate layer on top of a porous tungsten surface.  The tungsten 

surface is of exactly the same type as the ones used for the doped ion sources described in 

the previous sections. The layer is deposited in the form of a slurry made by adding de-
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ionized water to the aluminosilicate powder. The appearance of the layer before firing is 

that of a compact, white, layer whose shape can be easily formed at this stage.  Once 

deposited the layer is allowed to dry and then fired at a temperature between 1,500 and 

1,600 °C in a vacuum furnace.  The typical physical appearance of these sources is a 

glassy finish, with an opaque grayish color. 

Figure 4.25 shows a graph of the average current density extracted at a fixed 

extraction voltage.  Once again, the source was pulsed with a very low duty factor, one ~ 

2.5 µs pulse every 20 seconds, with the data being measured once a minute.  The graph 

represents the initial heating cycle, showing the current density level (in the emission-

limited mode) obtained at the same voltage.  The various trends that can be identified 

mostly denote stable output levels in temperatures up to approximately 1,025 °C, with 

signs of increase with time.  A steady increase of current with time was achieved at a 

temperature of 1,100 °C. 
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Figure 4.25  Average current density variation with time during the heating-up cycle of a 
potassium aluminosilicate source, at different operating temperatures and fixed extraction 

voltage. 
 

Figure 4.26 shows a more detailed history of the current density output 

fluctuations occurring at 1,100 °C.  The graph is the immediate continuation of Figure 

4.25.  The usual spread of the data points around the main line can again be ascribed to 

small shot-to-shot variations of the applied high voltage.  Current fluctuations in longer 

time scales are presumably a characteristic of the ion emitter.  Of particular interest here 

are the discontinuities that arise at a few positions, such as at Time = 46 hours and Time 

= 105 hours.  These discontinuities have occurred at points during the life test at which J 

– V characterizations have been made.  Measures were taken to ensure a return to the 

same fixed extraction voltage upon returning to the < J > vs. time measurement, so this 

event can be discarded.   
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Figure 4.26.  Continuation of the life test of figure 4.27 showing increased current output 
with time at a fixed temperature, and the discontinuities that occur after the emitter has 

been subject to peak extraction voltages during J – V characterization. 
 

In a similar fashion to the hysteresis effect observed for the doped cesium source, the 

discontinuity occurs just after the emitter has been subject to the highest extraction 

voltages during the J – V measurements.  This seems to be one more similarity between 

the workings of contact ionization sources and aluminosilicate sources.  The fact that 

similar ion species can be produced with the silicates and the doped sources suggests an 

analogous mechanism for ion production based on the interplay between the low 

ionization potential of the alkalis and the effective work function of the mineral structure. 

Taking this analogy a step further, it would be reasonable to expect that the atomic 

concentration of the alkali atoms in the first few layers of the aluminosilicate surface 

could influence this “effective” work function, thus changing the overall ion availability 
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for extraction.  (It will be seen in Chapter 5 that in the case of the doped sources, the 

concentration of alkalis has a strong influence on the surface’s work function.)  The 

increased ion yield after the source has been subject to the peak extraction voltages may 

be an indication of this phenomenon.  In principle, high J pulses have the potential to 

affect the surface concentration appreciably during the pulse time. 

Figure 4.27 shows a collection of measurements representing the J – V 

characteristics of the same emitter.  In contrast with the previous cases presented for the 

operation of doped sources, the aluminosilicate sources display an “activation” 

phenomenon that occurs not in the scale of hours, but days.  For this reason, several 

curves are presented for the same operating temperature.  The difference between the 

curves is the time during the test at which they were measured.    

It can be easily seen how the gun space charge limit is achieved along all the 

range of applied voltages after the source has been operating at 1,100 C for almost 120 

hours.  It is easy to appreciate why the aluminosilicate sources are an option of choice in 

HIF research, given their capability to sustain low average current densities for extended 

periods of time.   This kind of performance can be appreciated in the performance of the 

large (multi-inch diameter) aluminosilicate emitters used in the 2 MV injetor at LBNL. 

The detailed physics of ion emission from an aluminosilicate source is not well 

understood.  As mentioned before, the interaction between the alkali atoms and the anion 

framework operates analogously with the interaction that happens in doped sources 

between the alkalis and the metallic substrate.  It is known that the aluminosilicate has the 

ability to regenerate some of its output current even after a forced depletion (See Section 
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4.2.4), which suggests either the process of migration of alkali atoms within the 

framework or the elimination of the outer, depleted layers. 
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Figure 4.27  Performance characteristics of a potassium aluminosilicate source.  Curves 

(b), (c), (d), (e) and (f) were measured after 24, 28, 48, 78 and 119 hr of operation at 
1,100 °C respectively. 

 
There is evidence for the elimination of radicals from the aluminosilicate, in the 

form of oxygen, silicon or aluminum ions, or in the form of radicals like SiO, SiO2, AlO, 

etc.  This has been observed in other experiments with long transport channels that allow 

for an identification of the different charge to mass ratio of the impurities (Tiefenback, 

1986).  In our case it is possible to see deposits of material found in the extractor plate 

after long periods of operation with this type of source. 

 The physical changes occurring in the aluminosilicate are evident.  Figure 4.28 

shows a photograph of two aluminosilicate emitters.  Before the measurements both 
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emitters had the same appearance as the one being held with the tweezers (with grayish 

color).  After almost 220 hundreds of hours of operation and full “activation” of the 

source, the color of the material became white as the emitter installed in the module.  The 

nature of these changes is not fully understood.  Such changes of appearance and had not 

been produced before since until these experiments, this material had not been subject to 

the conditions in temperature and time that these changes require. 

 
 
 

 
 

Figure 4.28.  Comparison between a recently manufactured aluminosilicate pellet (gray) 
and a fully activated emitter after ~ 220 hrs. of operation. 

 

 The previous test was stopped after an indication of a decrease in the output 

current density of an approximate magnitude of 5% over a period of 10 hours.  Upon 

cooling down the source and inspecting it, it was noticed how the long period at high 

temperature had actually changed the physical position of source components, affecting 
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the position of the emitter within the Pierce electrode.  Figure 4.29 shows a photograph of 

the actual droop of the source. 

 

 
 

Figure 4.29.  Displacement of an aluminosilicate source within the Pierce electrode after 
almost 220 hours of operation. 

 
 

 The results obtained with this type of aluminosilicate material are not unusual and 

could be observed with other emitters tested in experiments similar to these.  These tests 

revealed that the aluminosilicate ion sources indeed “activate” over time and are able to 

deliver increased current density. Figure 4.30 shows another J – V characterization of a 

different potassium aluminosilicate source.  The performance is very similar (the 

difference being slightly lower values for Figure 4.30 at similar temperatures), but the 

performance once again displays the continual improvement with time until the space 

charge limit is attained over all the values of the applied extraction voltage.  The 

operating temperature of 1,100 °C was chosen, as it had already been verified that the 
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processes that allow the attainment of high current densities were possible at such 

temperature. 
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Figure 4.30.  Performance characteristics of a potassium aluminosilicate ion source.  

Curves named (b), (c), (d), (e) and (f) were measured at 24, 48, 72, 120 and 145 hours of 
operation at 1,100 °C respectively. 

 
 The average current density output dependence with time is shown in Figure 4.31.  

Once again, the source ion yield increased with time up to the space charge limit of the 

gun in a period of approximately 5 days, at an operating temperature of 1,100 °C.  The 

source displays the typical erratic behavior in terms of fluctuations of its output current 

(as explained above), and the discontinuities in current just after the peak extraction 

currents were applied. 
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Figure 4.31  Long term time dependence of the average current density output of a 

potassium aluminosilicate source at a fixed extraction voltage. 
 

 A sustained decrease in the output current of the source can be seen to occur after 

the first week of continuous operation.  Nevertheless, the J – V characterizations of the 

emitter indicated the source capability to provide a space charge limited emission over all 

the range of applied extraction voltages.  Such feature should not be present if the decay 

in output current were a result of a (partial) depletion of the source.  Furthermore, the J – 

V characteristics such as the ones presented in Figure 4.32 indicated a clear translation of 

the ion source’s space charge limit line to lower operating values.   
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Figure 4.32  J – V characteristics of a potassium aluminosilicate emitter showing a 
vertical translation of the space charge limit line.  Note the distinct parallel location of the 

points measured in the days 8 and 9 of the test in contrast with the data sets taken later. 
 
 

 This behavior is an indication of a change in the ion extraction optics, not of a 

change in the ion delivery capability of the source.   In a similar way to what was seen in 

the previous long-term testing of an aluminosilicate source, this observation indicated 

that despite the measures taken to prevent movement of the emitting surface, this was not 

avoided after all.  The emitter holder was strengthened by inserting a molybdenum nut in 

the base of the threaded stud that keeps the holder in place.  Tightening of this nut against 
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the heat shields provided an increased stability against lateral movement which was the 

cause of the decrease in output in the previous tests.  Hence, the finding that a similar 

problem was occurring came as a surprise. 

 For this reason, the test was stopped to carry out an inspection of the source and 

the surface conditions of the emitter.  The cooling down cycle once again allowed for a 

direct measurement of the ion yield capability of a fully activated ion source.  The results 

of this measurement are presented in Figure 4.33.   
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Figure 4.33  J – V charateristics of a fully activated potassium aluminosilicate source.  
Contrast these curves with that of the non-activated source presented in Figure 4.30. 

 
 

 The improvement in the performance of this type of source is quite dramatic when 

comparing it with the behavior observed at the beginning of the cycle, as shown in Figure 

4.30.  Note how the relatively cold temperature of 945 °C is sufficient to sustain space 

charge limited emission slightly above the 10 mA/cm2 mark.  Even at 1,005 °C, the 
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deviation from the space charge limit line is small and only occurring in the highest 

current densities.  In close connection with this, in Figure 4.31 it can be seen how the 

decrease in source temperature was not accompanied by an immediate decrease in the ion 

output capability of the source (as can be seen in the case of the tested doped sources, as 

presented in Figure 4.23 for instance). 

 Upon taking the emitter out for inspection it was immediately confirmed that 

there had been a very small change in the position of the emitter within the Pierce 

electrode.  In contrast to the previous test, the change in position of the emitting surface 

was not a lateral change but a longitudinal (along the direction of the emitted beam) one.  

The source had retracted a fraction of a millimeter into the Pierce structure.  The 

following two figures show the comparison of the source position “before” and “after” 

the measurements were made.  Figure 4.34 shows the original positioning of the 

aluminosilicate emitter within the Pierce electrode.  Figure 4.35 shows the position of the 

emitter immediately after the test was suspended. 

 

 
Figure 4.34  Close-up view of the original position of the K-aluminosilicate emitter in the 

Pierce electrode. 
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Figure 4.35.  Close-up view of the K-aluminosilicate source after almost 15 days of 
continual operation. 

 
 With the small extraction geometry of the source, a small sub-millimeter change 

in the source position or dimensions is bound to have significant consequences.  We only 

have to consider that the distance existing between the Pierce electrode and the extraction 

electrode is approximately 8 mm.  This would be the “extraction gap” that would be used 

in a simplified calculation of the magnitude of the extracted current by the one-

dimensional Child-Langmuir law.  The observed change in the longitudinal position of 

the emitter surface was approximately 0.6 mm.  Since the extracted current density scales 

in inverse proportion to the square of the emitter gap, it should be expected that the 

emitted current density should change by a factor of 
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which is in rough agreement with the fraction of available current density at the end of 

the experiment with respect to the peak value observed.  Compare the change in output 

current density from 59 mA/cm2 in day 7 of the test, with the final yield of 50 mA/cm2, as 

presented in Figure 4.32, for a percentual change of 15%. 

 The physical changes observed in the emitter this time were not limited to the 

color of the emitter, but also extended to its texture and thickness.  There was an apparent 

loss (thinning of the layer) of material especially at the edge of the source.  Much of the 

original glassy look was substituted by a duller appearance, almost matte-like.  Upon 

removing the Pierce electrode, the contact between the electrode’s knife edge and the 

aluminosilicate was able to chip the aluminosilicate off the metallic substrate in more 

than one spot.  The damage is shown in Figure 4.36. 

 

 
 

Figure 4.36.  Initial damage of the K-aluminosilicate emitter upon contact with the knife-
edge of the Pierce electrode. 

 
Further application of force was able to completely separate the emitter material 

from the tungsten substrate.  See Figure 4.37.  The significance of this mode of failure 
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will be revealed next.  Inspection of the tungsten substrate revealed that the physical 

changes had not been limited to the K-aluminosilicate emitter, but also to the substrate.   

 

 
 

Figure 4.37  Complete separation of the K-aluminosilicate emitter from the tungsten 
substrate upon the application of a slight pressure. 

 
 At first sight, the tungsten substrate did not appear to have the same texture as 

originally.  Upon closer examination of the substrate using a scanning electron 

microscope, the nature of the changes that the substrate underwent during the testing at 

high temperatures became clear.  The firing induced an additional sintering of the pellet, 

provoking a complete closing of the pores in the surface (interface with the 

aluminosilicate layer) and probably throughout the bulk of the material. 

 Figure 4.38 shows a photograph taken with the electron microscope showing the 

surface with no surface porosity found after the tests.  Some regions are marked by 

visible scratches which may presumably have been created during a sliding between the 

aluminosilicate layer and the tungsten metal. 

 Figure 4.39 shows a different region of the surface where the effects on the 

surface porosity are very evident.  The size of the larger grains is larger than the original 

size of the largest grains in the original substrate. 
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Figure 4.38.  SEM photograph of the surface of the tungsten substrate, showing a surface 
with no porosity.  The scratches are presumably the effect of a sliding between the 

aluminosilicate layer and the tungsten surface. 
 
 

Figure 4.39 includes the image of some of the remaining material that originally belonged 

to the aluminosilicate.  The characteristic needle-like crystal structure that appears when 

the aluminosilicate has been overheated is a result of significant loss of at least one of the 

components of the original mineral, as well as a result of component separation.  In this 

case, as it has been discussed in Chapter 2, the main component of this crystal seems to 

be a form of aluminum oxide. 

Figure 4.40 shows a view of the surface of the aluminosilicate that was originally 

in contact with the tungsten substrate.  The shape of some of the protrusions suggest that 

such is the original shape that the aluminosilicate had upon initial melting, as the 

protrusions seem to match the shape of a porous material. 

Two main processes may be identified in the interface region: 
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1. Further sintering and grain growth of the tungsten grains that form the 

substrate, with a consequent reduction and final elimination of the surface 

and bulk porosity. 

2. A change in the composition in at least a fraction of the aluminosilicate in 

the interface, giving rise to regions poor in potassium and silicon and rich 

in aluminum and oxygen, giving rise to a distinct crystal structure. 

It is important to consider that when comparing the input power required to raise 

the temperature of the aluminosilicate surface to a certain level, it is generally necessary 

to provide a larger amount of input power than in the case of metallic sources.  A 

comparison of the input powers and achieved temperatures indicates that the back of the 

aluminosilicate layer may be at least 150 °C hotter than the front surface. 

 

 
Figure 4.39.  SEM photograph of a different region of the original aluminosilicate-

tungsten interface, showing the tungsten grain growth and subsequent pore closing.  Note 
the crystals of aluminum oxide that have remained attached to the tungsten. 
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Figure 4.40  View of the back side of the aluminosilicate that separated from the tungsten 
substrate.  The protrusions that can be observed may have been points of original contact 

or penetration into the tungsten substrate, before the latter began to close.  The 2kX 
magnification yields a 5 µm length of the reference line. 

 
 

 It is worthwhile to compare at this point the microscopic appearance of the 

aluminosilicate source before and after the test.  Figure 4.41 shows a SEM photograph of 

the emitter used in these experiments, as it looked originally.  Usually these emitters, 

when they have been fired correctly, become very difficult to photograph.  Their surface 

is very smooth, glassy and as a non-conducting material, tend to charge up upon being 

struck by the electron beam of the microscope.  The charging problems are the reason for 

their being hard to photograph.  In some surface regions, that to the naked eye appear as 

slightly matte, there are usually small chunks of aluminum oxide that have separated 

from the molten aluminosilicate and go to the surface upon solidification.  The presence 

of these chunks is ubiquitous whenever high emission aluminosilicate sources are 

considered and for some reason, they do not offer as severe charging problems as the 

regions of aluminosilicate free of these particles.  These aluminum oxide particles are 

also seen in Figure 4.41. 
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Figure 4.41  SEM photograph of the original appearance of the tested aluminosilicate 

emitter.  The  aluminosilicate is the glass-like smooth surface. 
 
 

On the other hand, Figure 4.42 shows an equivalent photograph of the same ion source, 

after the experiments, that is, after spending more than two weeks at an operating 

temperature of more than 1,100 °C.  Since the emitter has been fully “activated” and 

performing at the maximum ion yield output, it is expected to see large portions of the 

smooth aluminosilicate surface.  This expectation is validated by the image.  There are 

nevertheless two important differences with respect to the original surface appearance.  In 

the first place, there are no conglomerates of aluminum oxide or other type of particles in 

the surface, at least not in the concentrations observed before.  This is consistent with the 

increased ion output of the emitter, since the aluminum oxide particles would presumably 

decrease the available area for ion emission.  The second main difference is that in the 

tested emitter, it is now possible to see a growing matrix of needle-like crystals of 

aluminum oxide that was not present before, but as it has been shown, is present in the 

back side of the emitter layer. 
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Figure 4.42 View of the front side of the aluminosilicate that separated from its substrate. 

 
 

 Equally revealing information is obtained when analyzing the composition of the 

emitter material in the front and back side of the detached layer.  Figure 4.43 presents the 

composition spectrum of the front surface of the aluminosilicate. 

 
Figure 4.43  SEM spectrum of the front side of the aluminosilicate. 

 

 93



 The spectrum shows a typical aluminosilicate signature, with the feature of a low 

concentration of potassium in the surface, or at least in the first few micrometers from the 

surface, which is the distance that the electron beam is able to probe.  The previous 

spectrum differs from Figure 4.44, that was taken from the back side of the emitter layer 

(the one in contact with the tungsten originally).   There is a presence of tungsten 

particles that may have remained attached to the aluminosilicate, but the most 

characteristic feature is the total depletion of potassium. 

 The presence of the other aluminosilicate components may be misleading, since 

as it was mentioned earlier, once the structure of the substance starts revealing a needle-

like structure, then there is an indication of elemental separation between the components 

of the aluminosilicate.  Most distinctively, a separation of the silicon and the aluminum 

occurs, with the corresponding destruction of the aluminoslicate structure in favor of 

oxide forms. 

 

cps 

Figure 4.44 Spectrum of the back side of the aluminosilicate part. 
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 The aluminosilicate type of sources could never be taken to a depletion mode of 

failure in these experiments.  Usually some other mode of failure, such as the ones 

described in the previous pages was observed. 

 

4.2.4 Evidence of recovery mechanisms in a depleted aluminosilicate source. 
 

 

The observed mode of failure of the potassium aluminosilicate sources operating 

in the demanding regimes described above was not related to features inherently related 

to the emitter.  The main failure mode was related to changes in the surface condition of 

the substrate after long periods at high temperatures.  This led directly to the question of 

the real lifetime of this type of source.  Here the term “real lifetime” is interpreted as the 

lifetime that can be obtained upon extracting all the available ions in the emitter layer.  

This definition implies that there are possible improvements that may avoid the failure 

mechanisms presented above.   

An accelerated depletion test was designed and carried out with the intention of 

measuring the available charge for extraction from an activated source.  As it will be seen 

in the following paragraphs, the results of this test were inconclusive.  Nevertheless, the 

method and results are presented as a reference.  The main reason for including this 

section is to present the recovery of an emitter that was subject to this forced depletion.   

 To carry out this experiment, a DC high voltage power supply was incorporated in 

the setup, replacing the bipolar pulser used in the previous experiments.  The idea of the 

experiment was that an application of a constant voltage would allow for a direct 

measurement of the emitted current vs. time.  Finally, upon integration of this signal, the 

total charge emitted could be measured. 
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 For this test it was decided to use a previously activated emitter, allowing for the 

observation of the behavior of the source after it had been exposed to air for a period of 

several days. 

 As it will be seen, the experiment was a partial success.  The effect of secondary 

electrons and their interaction with the beam was not taken into consideration in the new 

setup.  In this accelerated depletion test, the negative leg of the bipolar pulser would not 

provide an electron repelling voltage at the extractor plane, since in this experiment, the 

extractor was grounded.  For this reason, the secondary electrons generated at the 

Faraday Cup were able to stream back into the ion source.  The usual electron trapping 

voltage was insufficient to keep all the electrons.  This had two unwanted consequences.  

First, the current measurements have a very large uncertainty since there was an electron 

component to the current.  The second effect was more dramatic and undesirable.  The 

back streaming electrons at a voltage of up to 14.4 kV provided enough heating power at 

the source to have a partial melting of the aluminosilicate layer.  See Figure 4.45.  The 

results, in terms of the actual charge extracted become uncertain and inconclusive, but 

there is a feature that justifies the inclusion of this section.  That is the recovery of the 

emitting capability of the aluminosilicate (or what was left of it) after depletion. 
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Figure 4.45.  Partially destroyed aluminosilicate layer due to the action of backstreaming 

electrons in a 14 minute DC test. 
 
 
 

 The history of the test is summarized in Figure 4.46.  The test lasted a very short 

time, roughly 14 minutes.  Three extraction voltage levels were applied to the source: 4.2, 

9.8 and 14.4 kV, after which no current was detected.  As mentioned before, since the 

total current measured had an electron component, it was necessary to make some 

assumptions in order to at least approximate the actual number of ions extracted.  It has 

been measured that the secondary electron coefficient of 25 kV K+ ions on steel is 6.5.  It 

was assumed that the working number for the secondary electrons for this experiment 

should be at most 3.   Furthermore, assuming that 100% of these electrons make it back 

to the emitter, then only 25% of the total current measured would be ascribed to ions.  

Upon integration of the curve represented by the data points in Figure 4.46, the total 

charge ascribable to ions in this experiment was 0.21 Coulombs, or 1.31.1018 ions.  This 

is possibly a conservative estimate.   For reference purposes, if such were the actual ion 

delivery capability for this source, it would be able to provide 8.3.106 pulses, assuming 
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the pulses are 10 µs, and J = 90 mA/cm2.  A production ion source working at 10 Hz 

would deplete this supply in about 10 days. 
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Figure 4.46  Summary of the DC forced extraction test for depletion of an aluminosilicate 
source.  Note: total current has an electron component and must be adjusted to estimate 

the total number of ions delivered. 
 

 

At this point it is useful to introduce some features observed in the preparation of 

this source test.  An important finding is that if a source has been previously activated 

and subsequently exposed to air for a period of less than a month, it will require another 

activation period upon installation.  Figure 4.47 shows a summary of the obtained results.  

A problem in the data acquisition system provoked the loss of information for a portion 

of the test.  Nevertheless, the available data gives a suggestive picture of what was 

happening.  The period of recovery for the source was comparable to what was seen in 
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Figure 4.31 despite the fact that lower operating temperatures were used.  It is 

nevertheless a fact that the performance of the source is affected by its exposure to air, 

thus requiring further activation. 
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Figure 4.47.  Second activation of a K aluminosilicate emitter.  A problem in the data 

acquisition system provoked a loss of a fraction of the data.  Nevertheless, the 
information is sufficiently revealing as to the source performance.  In contrast with 

Figure 4.31, the activation occurs in a similar period of time but lower temperatures are 
required. 

 
 

 After the depletion (destruction!) of the source was completed and no DC current 

level was being measured in the oscilloscope, the source was kept at an operating 

temperature while the DC extraction power supply was changed back to a pulser.  Once 

this was completed, the source output was logged in a pulsed mode.  The surprising 

results are presented in Figure 4.48. 
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Figure 4.48  Recovery of an aluminosilicate source after a forced depletion with a DC 
voltage.  The current values have been averaged over the original area of the emitter, but 
it must be remembered that the actual emitting area was only a fraction of the original. 

 
 

 The rapid increase in current indicates the existence of a recovery mechanism in 

the depleted aluminosilicate layer that allows for an increased current emission.  Two 

main mechanisms are conceivable in this situation.  One possibility is that the depleted 

layer is eliminated by evaporation.  This would allow for the appearance of new 

aluminosilicate material with sufficient potassium for ion extraction.  This mechanism 

does not seem to be the most likely.  The reason for this is that in all previous cases 

studied, while there was an indication of small material losses from the outermost layers 

of the aluminosilicate into the environment, the process occurred in a time scale of days, 

not hours. 
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It seems more likely that the aluminosilicate, and/or the phase that was left after 

the potassium was extracted, permits the diffusion of at least one species, in this case K, 

replenishing the outermost layers and thus allowing for some level of ion extraction. 

When comparing the J – V characteristics of the emitter before and after the 

depletion test, we arrive at the data sets presented in Figure 4.49. 
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Figure 4.49 Comparison of J – V characteristics before and after depletion of the 

aluminosilicate emitter.  The “depleted” curve was generated within 1 hr of the depletion. 
 

  

The curve with the highest current density represents the performance of the 

source immediately before the test, with the characteristic V3/2 behavior.  It came as a 

surprise that within a short time after the test was made (actually the time it took to 
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substitute the DC power supply by the pulser, or about 1 hour), the emitter was capable of 

delivering up to 10 mA/cm2, in 2.5 µs pulses.  The fully “regenerated” output of the 

emitter after depletion does not quite follow a V3/2 behavior, as it can be seen from Figure 

4.50.  In this figure, the ratio of the J – V characteristics of the emitter “after” and 

“before” the test is presented.  This ratio also provides a guide to the ratio of the emitting 

area of the damaged emitter versus the original area, assuming that the ion delivery 

capability of the ion source per unit area before and after the test is equal at low current 

densities.  This would give an emitting area of 54% of the original emitter, which seems 

believable when looking at Figure 4.45. 

 After finishing this test, it was important to observe the microscopic 

characteristics and the composition of this aluminosilicate.  Inspection in the scanning 

electron microscope showed a common glassy surface, impossible to photograph due to 

the usual charging problems associated with these materials.  The elemental composition 

identified is presented in Figure 4.51.  The spectrum shows an extremely small, yet 

detectable, potassium signal.  This falls into the pattern that the high yield aluminosilicate 

emitters have low potassium content.  
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Figure 4.50.  Ratio of the current of the reactivated emitter after depletion to the original 

current previous to the depletion. 
 
 

 
Figure 4.51.  X-Ray spectrum of the depleted aluminosilicate pellet after re-activation. 
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4.2.5 Composite Material Performance 
 

 Among the different ion source materials tested, there has been interest in 

composite materials.  These would presumably combine the advantages of 

aluminosilicate sources, like better emission stability and longer lifetime, with the 

advantages of metallic substrates, like ease of forming, and electrical conductivity.   

While some of the composites tested could be eligible for production sources requiring 

current density of a few mA/cm2, none showed promise for high J operation.  As an 

example, note the performance of a molybdenum/potassium aluminosilicate composite 

pellet depicted in Figure 4.52.  The emitter was a cylindrical pellet of approximately ¼” 

diameter and ¼” length prepared by mixing ordinary potassium aluminosilicate powder 

with molybdenum powder of 6 µm nominal size, pressed and sintered at 1,500 °C.  The 

microscopic appearance of its surface is shown in Figures 4.53 and 4.54.  A feature of the 

composite pellet is that its composition can be varied in the longitudinal direction.  The 

one depicted in Figure 4.53 is made out of a 2:1, Mo:KalSilicate composition ratio by 

weight on its front surface (front half of the pellet), and a 3:1 ratio in the back, to enhance 

heat conductivity.  In general, in any composite material there is a decrease of the heat 

conductivity in the bulk of the material with respect to a pure metal due to the presence of 

the aluminosilicate.    This is clear from the increase in input heating power required to 

raise the surface temperature, compared to porous metallic substrates and to pure 

aluminosilicate layers deposited on pure metal.  Figure 4.52 shows the J – V 

characteristics for this composite at different temperatures.  It is evident from the curves 

that the space charge limit of the source operation is achieved in the lower range of the 

applied voltages.  It was necessary to apply the maximum power available at the 
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experiment (approximately 240 W) to attain an operating temperature of 1,230 °C, at 

which the source could barely deliver 5 mA/cm2 of potassium in a space charge limited 

mode.  For this reason, such composites could be eligible for making thin layers on top of 

metallic substrates in situations where such current densities may be required. 
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Figure 4.52.  Performance at different operating temperatures of a Mo-K-aluminosilicate 

composite. 
 

 The data displayed on the previous graph was taken after 21 hours of continual 

operation at a temperature of 1,080 °C, thus allowing for a possible “activation” of the 

aluminosilicate component.  Despite a slight improvement in the output, such activation 

was not observed.   Figures 4.52 and 4.53 show an example of the distribution of 

molybdenum and aluminosilicate grains on the surface.  Undesired non-uniformities on 

this distribution can be seen with respect to central and outer regions.   The photographs 

were taken with a scanning electron microscope at 1,000 times magnification.  The mode 
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chosen for the images is the backscattered electron detection mode which allows for a 

differentiation of the conducting and non-conducting components of the mixture.  The 

molybdenum component can be easily appreciated due to its bright coloring. 

 

 
Figure 4.53.  Backscattered electron photograph of the surface of a molybdenum-K 

aluminosilicate composite pellet near its center.  Brighter grains correspond to Mo.  Note 
the wide distribution of Mo grain sizes around the nominal size of 6µm. 

 
 
 

 
Figure 4.54.  Backscattered electron photograph of the surface of a molybdenum-K 

aluminosilicate composite pellet, near the edge.  Note the increased Mo content. 
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 Analogous tests were carried out using a different metallic component.  Figure 

4.55 shows the < J > vs time operation characteristics of a potassium aluminosilicate / 

tungsten powder mixture.  This pellet had the same geometric characteristics as well as 

similar composition properties as the previous Mo composite mentioned above.  Figure 

4.55 shows the rapid response to a temperature increase of the current output (note the 

discontinuities in the output curves at different temperatures), as well as the relatively 

rapid decay in this parameter with time.  The decay of output current in time scales of a 

few hours seems to be a characteristic of composite materials and can be understood in 

terms of the apparent ability of the alkali ions to migrate within the aluminosilicate 

structure.  In interconnected aluminosilicate structures, this migration or diffusion 

capability may provide a relatively sustained concentration of atoms at the surface, 

capable of delivering sustained current levels typically observed in aluminosilicates.   
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Figure 4.55  Life test of a potassium aluminosilicate/tungsten composite  pellet. 
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 The lack of interconnectivity of the aluminosilicate structure present in the 

composite materials (note the globularized microscopic structure seen in Figures 4.53 and 

4.54), will presumably diminish the reservoir of potassium atoms for the available 

emitting surface, thus allowing for a relatively rapid decrease in the ouput current.  Figure 

4.56 shows the J – V characteristic at the final operating temperature of 1,000 °C.  As in 

the Mo/aluminosilicate composite, the performance in the space charge limited mode was 

limited to a few mA/cm2.   It is noteworthy, however, that the performance tests with this 

particular W/aluminosilicate composite were done with a long pulse high voltage 

extraction machine, and that the composite has thus demonstrated a capability to yield 

pulse lengths of up to 10 µs. 
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Figure 4.56  J – V characteristic of a tungsten/K aluminosilicate composite, operating at a 
temperature of 1,000 °C. 
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4.3 Neutral emission Measurements. 
 

The theory of neutral particle emission from tungsten surfaces has been 

elaborated elsewhere (Langmuir, 1933).  However, there has been a need for direct 

measurement of this process in HIF research given the diversity of non-ideal conditions 

of the sources under consideration (diverse degrees of surface porosity, contaminants, 

unknown surface coverages, low duty factors of beam time, etc.).  This section presents 

the general results obtained with this device, which in turn has been discussed in Section 

3.3.2. 

 

4.3.1 Neutral Particle Detector Design 
 

The essential features of this device are shown in Fig 3.8.  The detector works as 

follows: an incoming neutral efflux from an ion source enters the detector and strikes an 

incandescent (ohmic-heated) platinum foil.   The foil adsorbs the atoms and due to its 

high electron work function of 5.39 eV, will ionize them efficiently.  A negatively biased 

collector produces a constant electric field on the platinum foil, extracting the newly 

formed ions and collecting them.  The casing of this setup has been biased positively to 

prevent the ions from striking the casing or leaving the detector.  Grids of 90% 

transparency are located in the casing and collector apertures to ease the collection of 

particles, aid in shielding and improve the field uniformity. 

Ions arriving at the collector produce a very small current that is measured 

through the voltage drop across a large resistance on its path to ground.  A 10 GΩ input 

impedance multimeter is used for this purpose.  Another voltage monitor was used to 
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detect any current arriving or leaving the casing.  If any, such currents were too small to 

be detected. 

The conversion factor that translates currents measured at the neutral detector to 

neutral particle density emitted at the source is determined by the geometric relation 

between the emitter and the platinum foil, and is estimated in the same way as the “shape 

factors” common in radiation heat transfer.  See section 3.3.2. 

 

4.3.2 Neutral Measurement Results and Discussion 

 

The neutral detector was used to monitor the particle efflux from K and Cs 

sources on porous tungsten substrates during the source warming up cycle, as well as at 

operating temperatures.   

During the heating-up cycle, most of the phenomena that occur within the source 

have to do with the decomposition of the alkali carbonate that has been used to dope the 

source, its distribution in the bulk and the evaporation of the alkali atoms as neutral 

particles.  During all this time, no ion desorption is detectable.  The neutral detector thus 

has become the only means to assess the source phenomena before the ion yield is 

detectable.  These phenomena had not been assessed previously for a source of this type. 

Curves such as the one shown in Fig. 4.57 were obtained. These curves 

qualitatively display the dynamical character of the neutral evaporation processes, with 

increasing rates at increasing temperatures, a corresponding decrease in neutral atom 

content with time, and the effects of enhanced diffusion of the alkali atoms in the 

tungsten bulk with temperature.  At any given moment, the neutral flux is calculated from 
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the difference of the values of the signal in the line of sight of the source and the 

background signal, which is checked periodically.   The signal at the detector when it is 

out of the line of sight of the ion source is not zero, probably as it is still able to detect the 

bombardment of alkali particles present in the vacuum tank’s residual atmosphere. 
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Figure 4.57.  Sample data set of a heating cycle of Cs and K contact ionization sources 

measured with the neutral detector. 
 
 The above data set shown in Figure 4.57 was measured by positioning the neutral 

particle detector directly in the line of sight of the ion source.   The conversion factor that 

relates the measured currents at the detector with the neutral effluxes at the emitter has 

been calculated for this position.  The signal at the detector is very distinct and the 

sensitivity of this instrument detects very small variations in the incoming neutral flux.  

Figure 4.58 shows a sample data set obtained by changing the position of the neutral 

detector relative to the emitter, in a direction perpendicular to the beamline.  The curves 
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have the expected shape and width given the system geometry.  In the particular set of 

data shown in the figure, there is no regular trend in terms of the neutral output variations 

in temperature as the time-dependence effects shown in Figure 4.56 have not been 

included. 
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Figure 4.58.  Sample data representing the signal at the neutral detector as a function of 
position relative to the emitter.  Data such as in Figure 4.58 were measured at the central 

position, directly in front of the ion source. 
 

Neutral emission in doped sources at low alkali coverages and operating 

temperatures (T approximately 1,100 °C) yielded values in the neighborhood of 0.3 – 0.5 

µA/cm2 of current equivalent with a tendency to decrease with time.  In general, 

potassium neutral emission was observed to be higher by a factor of 1.5 to 2 at similar 

points of the heating cycle except at the low temperatures where the carbonate is 

expected to break down.  Previous measurements of neutral emission efflux (Kwan, 
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1997) carried out at LBNL made on porous tungsten using front feeding of pure Cs vapor 

estimated particle densities of 1.7*1014 particles/(cm2*s) (~ 27.2 µA/cm2) in current 

equivalent) at an operating temperature of 1,100 °C.  Such rates of neutral particle loss 

seemed inconsistent with measured lifetimes of more than 100hr of a Cs doped source 

yielding current densities above 10 mA/cm2.  Since the long lifetimes were measured on 

sources doped with an alkali carbonate solution, two possibilities were identified: it is 

believed that the decomposition of the carbonate leaves behind an absorbed layer of 

oxygen that increases the tungsten work function (φ), thus decreasing the neutral efflux.  

Oxygenated tungsten has a higher φ than clean tungsten, with a value ~5eV (Cho, 1964).   

Such value would decrease the neutral population of atoms on the surface, decreasing 

their loss rate.  Clean tungsten surfaces are sensitive to adsorbed oxygen caused by 

pressures as low as 1*10-8 torr (Husmann, 1966), so some effect is expected as our base 

pressure is ~ 5*10-7 torr.   In this experiment, typical emission rates of neutral particles at 

operating temperatures (~ 1,100 °C) were on the order of 0.3 - 0.4 µA/cm2 of J equivalent 

(1.875*1012 – 2.5*1012 particles/cm2*s).  This would signify tens of hours of operation 

before depletion even at an initial total alkali coverage of 30% (that is, including internal 

areas).  This is a result fully consistent with the observed lifetimes of sources doped with 

an alkali carbonate solution.  The other possibility has to do with the diffusion rates of the 

ions and neutrals within the bulk, that may be the limiting factor for the rate of arrival of 

neutrals at the surface.  This will be discussed in detail in Chapter 5. 

In general, the neutral emission data take the form observed in Figure 4.57, with 

very evident time variations and range of magnitudes.  There are two ways to try to 

condense this information in a way that may elucidate the physical processes.  On one 
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hand, these data have been used extensively for estimates of the diffusion properties of 

ions and neutrals in the substrate.  This will be presented in sufficient detail in the 

following chapter.  The other attempt has been the application of a simple desorption 

model which may be appropriate to describe what occurs at the surface of the emitter at 

low values of surface coverage.  This is described in what follows.  For low surface 

coverages, the neutral particle efflux per unit area (νa) may be modeled as:  







−=

kT
QTa exp),(

0τ
θσθυ  (4.6) 

where Q is the evaporation energy of the particle, θ is the fraction of a monolayer present 

in the surface, T is the temperature, σ1 is the number of Cs atoms in a monolayer (= 

4.8*1014), and τ0 is a constant parameter related to the mean lifetime of a neutral particle 

on the surface.  Since our experimental conditions have a highly dynamical process in 

which θ is changing with time, the conditions are not appropriate for an accurate 

estimation of the parameter Q.  Nevertheless, assuming a low θ where the variations of Q 

are small, it is possible to make a crude estimate.  Figure 4.59 shows the relevant data 

using average values obtained at different T’s.  From the slope of the curve, Q for Cs and 

K may be estimated as 1.39 and 0.93 eV respectively.  The value for Cs is close to but 

greater than the known value for a clean surface of 1.2 eV (Langmuir, 1933).  This is 

consistent with an expected increase of Q in the oxygenated tungsten surface, thus 

decreasing νa.  The author is not aware of published values of Q for neutral K.   
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Figure 4.59.  Data for a rough estimation of the desorption energies of Cs and K neutral 

particles. 
 
 

These roughly calculated values of Q allow for an estimation of the relative 

change of neutral emission given a change in surface temperature.  In general, these 

estimates were lower than what was actually observed by about 30%. This could be 

qualitatively explained by an increase in θ due to an increased mobility of the atoms 

towards the surface.   

 The type of analysis made for the neutrals, based on an emission described by 

equation (4.6), assumes equilibrium conditions that are met to some extent given the slow 

changes in θ.  However, the pulsed conditions and high ion currents extracted during ion 

emission cause fast changes in θ during the pulse duration. A direct calculation of the 

ratio of the measured (pulsed) maximum ion emission rate (νp) to νa (DC) yields a curve 
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that rapidly increases with T whereas equilibrium conditions described by the Saha 

equation would yield a ratio that decreases with T as shown in Figure 4.60. 
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Figure 4.60.  Ratio of the measured (pulsed) ion yield at different temperatures to the 

corresponding (DC) neutral particle emission rate. 
 

This points to the fact that there is a diffusion limited flow of particles towards the 

surface of the emitter, which makes the neutral particle desorption low.  However, during 

ion extraction the amount of particles present may be desorbed fast during the pulse, in a 

way that allows for the high current yields observed.  Section 5.4.1 may be useful to 

understand the underlying mechanisms relevant in this case. 
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4.4 Integrated profile and emittance measurements of potassium doped and 
aluminosilicate sources. 

 

 Among the diagnostics employed to characterize the ion beams described in these 

pages, one of the most informative is a double-slit setup that allows time-resolved 

measurements of the current profile as a function of the position perpendicular to the 

direction of propagation of the beam.  This is done by moving a slit with a compact 

faraday cup behind it across the beam.  This allows for assessing the beam intensity 

within the small area covered by the slit.  The slit effectively integrates along one of the 

transverse directions, so, since the beam has a circular profile, the measured profiles have 

the shape of an inverted parabola even in the ideal case that the beam has uniform 

intensity.  Commonly this is not the case.   Figure 4.61 shows a profile measured at a 

position approximately 6.5 cm after the exit of the extraction plate aperture.  The 

measurement was made during a fast heat-up cycle of a potassium doped source. 

 
Position (mm)

Figure 4.61.  Slit-cup signal as a function of position and time of a potassium doped 
source operating at 1,045 °C.  I = 1.24 mA.  <J> = 4.4 mA/cm2. 
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 The vertical axis on the previous figure is the measured signal in mV at the small 

faraday cup behind the slit.  These measurements were carried out in the “reverse bias” 

mode, meaning that a negative potential (- 400 V) was applied to the small faraday cup 

collector, while a positive (+ 400 V) was applied to the grid in front of it.  The result is 

that the measured signal is amplified by the secondary electrons released when the 

energetic ions impinge on the collector.  The adjustment into a current value from the 

voltage signals measured requires two factors: division by the gain of the used amplifier, 

in this case 226, and adjustment with the secondary electron coefficient of the used 

collector material and at the respective ion energy.  In these tests, the generic voltage 

signal is plotted.  The total ion beam current is measured separately by a large faraday 

cup that catches the whole beam. 

 The time axis in these plots appears usually as the numbering of the points 

acquired from the scope trace, which has not been fully sampled to reduced the size of 

the data files.  All the short pulses used in the tests described on these pages have the 

same pulse length, about 2.3 µs. 

 Figure 4.62 shows a time slice at the middle of the pulse described in the previous 

figure.  As mentioned above, these tests were done during a fast heating cycle, which 

means that the source was at operating temperature before it actually had attained the 

sufficiently low surface coverage for maximum ion yield. The asymmetry observed is 

due to the increased ion current during the time of the measurement. Such effect is not 

observed when more stable conditions of operation are attained.  Figure 4.63 shows a 

 118



similar time resolved profile of the same source operating at a higher temperature of 

1,075 C, under better potassium surface coverage conditions. 

 
Figure 4.62.  Beam profile at mid pulse of the potassium beam.  The asymmetry of the 

beam is partially due to an increase of the beam current with time.  T = 1,045 °C. 
   
 

 
Figure 4.63.  Time-resolved beam profile of the potassium beam.  T = 1,075 °C. I = 4 

mA. <J> = 14.18 mA/cm2. 
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Figure 4.64.  Beam profile at mid pulse of the potassium beam. T = 1,075 °C. 

 

 The double slit diagnostic allows for measuring the beam’s phase space in a 

direction transverse to the direction of propagation.   A sample of one such measurement 

for a potassium-doped source operating at the conditions described by the Figures 4.63 

and 4.64 is shown in Figure 4.65.  In addition to the value of the 4rms (ε) emittance noted 

in the plot, the normalized emittance (εn=βγε), is also presented.  The emittance 

measurement is also time-resolved.  The plots correspond to the emittance measurement  

during the flatter section of the pulse, and consider only that data that eliminates the 

constant offset generated by the amplifier used.  The enclosed beam fraction will 

correspond then to values between 90% and 95% of the total.  Figure 4.66 shows the 

same plot as in the previous figure, but this time adjusts the vertical values with the 

transformation x’sheared = x’original – x<x.x’original>/<x2> where the brackets indicate RMS 

values. 
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Figure 4.65  Phase space plot of the potassium beam.  Source temperature: 1,075 °C.  
Normalized emittance: 6.14.10-2 πmm.mrad. 

 

 

Figure 4.66.  Same phase space a

 

 
s in Figure 4.64 but sheared to appreciate structure. 
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 Upon improvement of the surface coverage of potassium atoms with time, the 

current yield increases with time even though the temperature is maintained.  Figure 4.67 

shows another time-resolved profile operating at a temperature of 1,075 °C.  Contrast 

with Figure 4.63 where the current had roughly half the magnitude.  The increase in beam 

diameter may also be seen when comparing figures 4.64 and 4.68 showing the profile at 

mid-pulse. 

 
Figure 4.67.  Time-resolved beam profile of the potassium beam.  T = 1,075 °C.  I = 8.6 

mA. <J> = 30.5 mA/cm2.  Current is higher due to better surface coverage. 
 

 Figure 4.69 shows yet another time-resolved current profile.  The increase in 

current has been caused by increasing the operating temperature, in this case to 1,150 °C.  

The following figure shows a slight asymmetry in the profile of this beam, most likely 

caused by a misalignment of the emitter within the Pierce structure.   
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Figure 4.68.  Beam profile at mid pulse of the potassium beam after improvement of the 

surface coverage conditions. T = 1,075 °C. 
 

 
Figure 4.69.  Time-resolved beam profile of the potassium beam.  T = 1,150 °C. I = 11.9 

mA. <J> = 42.2 mA/cm2.  
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Figure 4.70.  Beam profile at mid pulse of the potassium beam.  T = 1,150 °C. 
 

 
 Figure 4.71 shows the emittance plot corresponding to the beam shown in figures 

4.69 and 4.70.  The irregularities observed in the last phase space plot have disappeared, 

yielding a beam with a significantly lower emittance.  As in the previous case, only the 

flatter part of the beam pulse has been considered, and the lowest level signal 

corresponding to the DC offset produced by the electronic amplifier has been ignored.  

Figures 4.72 and 4.73 show the profile and emittance plot of the potassium beam 

operating at 1,205 °C and at a higher extraction voltage.  Given the values of current and 

emittance, it can be seen that these are very bright beams.  The magnitude of the 

brightness is comparable to the desired values for a multi-beamlet architecture, depending 

on how high an initial emittance is allowed in these designs.  See the end of this section 

for Table 4.1, a summary of the results presented in these pages. 
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Figure 4.71  Phase space plot of the potassium beam.  Source temperature: 1,150 °C. 
Normalized emittance: 2.69.10-2 πmm.mrad. 

 

 
Figure 4.72.  Time-resolved beam profile of the potassium beam.  T = 1,205 °C.  I = 

12.44 mA. <J> = 44.1 mA/cm2.  
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Figure 4.73  Phase space plot of the potassium beam.  Source temperature: 1,205 °C.  
Normalized emittance: 3.44.10-2 πmm.mrad. 

 

 It may be of interest to see the characteristic signature of a depleting ion beam, 

occurring when the pulse starts to droop during the pulse time.  Figure 4.74 shows this 

behavior occurring at all the positions within the beam.  The total beam behavior, as 

measured by the large faraday cup is presented in Figure 4.75. 
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Figure 4.74.  Time-resolved beam profile showing the characteristic depletion features.  

 

 
Figure 4.75.  Oscilloscope traces showing the short (~ 2µs) high voltage pulse (upper 

trace) and the faraday cup signal (lower trace) of a depleting ion source. 
 

 Similar analyses were carried out in the case of aluminosilicate ion sources.  The 

results are presented in the following pages.  Figure 4.76 shows a plot summarizing the 
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results of all the measured profiles (at mid pulse) for this type of source, as the profiles 

vary with the operating temperature.  The same changes in terms of beam intensity and 

beam diameter are observed as the current increases.  In contrast with the previous 

example of a potassium doped emitter, the aluminosilicate source displays a characteristic 

irregular emission patterns that vary with temperature as different regions become more 

able to deliver a particular value of current. 
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Figure 4.76.  Family of mid-pulse profiles at a fixed voltage of a potassium 
aluminosilicate type source, at different temperatures of operation. 
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Figure 4.77.  Shows a summary of the total current output of the ion source as a 

function of operating temperature.  In order to make a conversion to the corresponding 

average current density it is necessary to know that the emitter area is 0.282 cm2.    Figure 

4.78 shows the corresponding values of the normalized emittance.  This plot shows the 

particular feature that the emittance, as a general trend in this plot, decreases with 

temperature.  A reasonable explanation for this behavior has to do with the increased and 

presumably less spotty current emission as the temperature increases.  This more uniform 

emission may minimize the transverse particle motion that is provoked when the 

nonuniformity in the emission is very large.  The result of these graphs is that as the 

temperature rises and the current increases, the brightness will increase as well. 
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Figure 4.77  Current emission from a potassium aluminosilicate source as a function of 

surface temperature. 
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Figure 4.78  Current emission from a potassium aluminosilicate source as a function of 
surface temperature. 

 

 Figure 4.79 shows the measured emittance plot for the K-aluminosilicate source at 

945 °C.  From the irregularities on the plot it is quite clear why the emittance is so large.  

Figures 4.80 through 4.83 show additional examples of time-resolved profile 

measurements and emittance plots.  The highly irregular character observed on Figure 

4.79 is minimized and the emittance decreases as the temperature goes up.  

 130



 
Figure 4.79.  Emittance plot of a potassium aluminosilicate source operating at 945 C. 

 

 
Figure 4.80  Time resolved profile of a potassium aluminosilicate source.  T = 1,035 °C. 

 

 131



 
Figure 4.81  Time resolved profile of a potassium aluminosilicate source.  T = 1,100 °C. 

 

 
Figure 4.82  Phase space measurement of a potassium aluminosilicate source.  T = 1,075 

°C. 
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Figure 4.83  Phase space measurement of a potassium aluminosilicate source.  T = 1,050 

°C. 
 

 Section 5.7 presents some computer simulations of the expected space charge-

limited beam profiles.  The graphs of the beam profiles presented in Section 5.7 are not 

integrated.  In other words, those graphs represent the true expected dependence of J with 

respect to the radial position.  For this reason, a perfectly uniform beam would have a flat 

top with a sharp drop at the edge.  For this reason the graphs of the simulations and the 

measured profiles are not directly comparable.  The measured profiles have been 

integrated in the direction perpendicular to the direction of the scan, a process that results 

in a parabolic profile shape even in the case of an ideally uniform beam.  A qualitative 

comparison between simulation and experiment is possible though.  In the case of the 

doped source measured profiles, the shapes of the integrated profiles indicate relatively 

uniform intensity beams.  The relatively higher intensity in the center of the beam 
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observed in some of the profiles is consistent with a case in which the emitter is retracted 

with respect to the Pierce electrode, thus provoking a faster drop of the profile at the 

edge.  In the case of the aluminosilicate emitters there is a clear hollow character of the 

beam at the higher operating temperatures. 

 Table 4.1 presents a summary of the results obtained including the information on 

the beam brightness and equivalent ion temperature for the measured beams.  The 

equivalent (or effective) ion temperature can be estimated from equation 4.7. 
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Here “m” is the mass of the ion, “c” is the speed of light and “rs” is the radius of the 

emitter.  The normalized brightness (Bn) is given by equation 4.8. 
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 Emitter 
Temperature 

(C) 

Total 
Current
(mA) 

Normalized 
Emittance 

(π.mm.mrad)

Effective 
Ion 

Temperature
(eV) 

Normalized 
Brightness 

(mA/(mm.mrad)2

1,075 4.00 6.14E-02 9.4 21.83 
1,150 11.90 2.69E-02 1.8 338.34 

K doped 
source 

1,205 12.44 3.44E-02 3.0 216.28 
900 1.42 1.13E-01 32.0 2.29 
945 3.88 1.14E-01 32.5 6.15 
990 6.30 7.32E-02 13.4 24.21 

1,035 11.32 5.15E-02 6.6 87.77 
1,075 15.60 5.88E-02 8.7 92.69 
1,050 13.32 8.10E-02 16.4 41.74 

KalSi 
source 

1,100 17.04 5.48E-02 7.5 116.72 
Table 4.1.  Summary of emittance measurements including effective ion temperature and 

normalized brightness. 
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Chapter 5:  Theoretical considerations. 
 
 
 
5.1 The Theory of Contact Ionization Sources 
 
 

This chapter reviews the known theories about the physical principles that 

underlie the ion sources that have been analyzed in this work.  The differences between 

the classical theory assumptions and the specific circumstances present in the emitters 

used throughout this dissertation are pointed out, hoping to elucidate the workings and 

potential of such sources in HIF research as well as the identified difficulties when 

operation in high current density regimes. 

 
5.1.1 Surface ionization. 
 

 When an atom from a gas strikes a surface, the atom may become bound to the 

surface.  This is known as adsorption.  Further provision of energy to this atom may 

cause it to evaporate.  Under certain conditions, the energetics of the system favors the 

transfer of an electron from the adsorbed atom to the surface, thus ionizing the particle.  
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The basic condition for this phenomenon is that the ionization potential (I) of the 

adsorbate be lower than the surface’s work function (φ).  It is for these reasons that the 

systems used in surface ionization are limited to substrates with a high work function 

(tungsten, platinum, molybdenum) and adsorbates with low ionization potential (i.e.: the 

alkali species).  The ionization is a probabilistic process, thus at any given time, in a 

population of adsorbed atoms there will be a fraction of the particles that has been 

ionized while the remainder fraction is left in its atomic, neutral state.  The ratio of 

ionized particles to atoms in the adsorbed phase is given by the Saha-Langmuir equation: 







 −

=
kT

Ie
n
n

a

p )(exp
2
1 φ  (5.1) 

where “np” and “na” are the number of ions and the number of atoms in the surface 

respectively.  The term “kT” is the surface temperature in energy units as usual and “e” is 

the fundamental charge.  For the species of interest in this work, Cs and K, the ionization 

potential is respectively 3.87 and 4.3 V.  The work function for a clean tungsten substrate 

is 4.62 V.  Therefore, it is to be expected, at a typical operation temperature of 1,150 °C 

to have an ion to atom ratio of ~ 225.   Equation 5.1 is valid whenever the surface 

concentration of the substrate is low enough as to leave the surface’s work function 

unaffected, and when the presence of other adsorbates is not affecting (positively or 

negatively) the surface’s φ. 

 The measured values of current density compared to the measured values of 

neutral evaporation from the ion sources described in the previous chapter indicate the 

possibility that this ratio may have been enhanced due to an increase in the substrate’s 

work function caused by the presence of oxygen.  If true, this is one of the few instances 

 136



in which uncontrolled factors actually affect the experimental outcome in a desirable 

fashion.  An alternative and not exclusive explanation, which is the diffusion limited 

process that defines the coverage at the surface, will be also discussed below. 

 While equation 5.1 indicates that the ratio of ions on the surface to neutral 

particles is favored at lower temperatures, the actual evaporation of the particles is 

enhanced by increments in the surface temperature.  It was for this reason that the ion gun 

design described in these pages required a heating module capable of achieving higher 

emitter temperatures than what is commonly used. 

 
5.1.2 Brief review of Langmuir’s classical theory. 

 

The seminal and definitive work on the physics of desorption of alkali atoms from 

thin films on tungsten surfaces was elaborated by John B. Taylor and Irving Langmuir in 

their The Evaporation of Atoms, Ions and Electrons from Caesium Films on Tungsten 

(1933).  Their work develops in wonderful detail the phenomenon of surface adsorption, 

focusing on the case of adsorbed films of cesium on tungsten.   This section borrows 

extensively from Taylor and Langmuir’s paper as the field was defined by their work, 

and their exposition of the various relevant phenomena is present in all discussions and 

publications of this subject. 

The adsorbed atoms are held by large forces that change the surface’s thermionic 

properties, such as electron emission and ionization adsorbed particles.  Taylor and 

Langmuir determined quantitatively the dependence of the rates (in units of particles per 

unit time, per unit surface area) of neutral atom evaporation (νa), ion emission (νp) and 

electron emission (νe) on the surface fractional coverage (θ) of the adsorbed films, 
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surface temperature (T) and field strength.  In order to achieve a correlation of the 

different emission rates with θ, a significant part of their work consisted in establishing 

the functional dependence of θ on Cs pressure and filament temperature.  All their 

analysis was made in conditions of steady state surface conditions, defined by the 

equation: 

aa ναµ =  (5.2) 

 

where α is the condensation coefficient (the fraction of the arriving particles that 

becomes adsorbed, shown by Langmuir to be equal to 1), and µa is the particle arrival 

rate.  Langmuir and Taylor proposed and justified the “surface phase postulate” that 

indicated that νa, νp, and νe, are functions of θ and T only, and that the surface 

distribution of atoms was assumed to be uniform and independent of the way in which θ 

was reached. 

 While conceptually simple, the actual measurement of the fractional surface 

coverage warrants more discussion.  The tungsten surfaces under consideration in 

Langmuir’s experiments, as well as the ones considered in HIF research, have an 

“apparent” area (SA) defined by the macroscopic geometry of the surface (although in 

HIF there is a further complication because of the surface porosity).  However, after 

heating to 2,900 K, a tungsten surface becomes etched and develops dodecahedral crystal 

faces (110) in which there are 1.425.1015 tungsten atoms/cm2.  The increased microscopic 

ruggedness of the etched surface makes the actual surface area (S) greater than the 

apparent area, with a ratio S/SA being 1.347, as measured by Taylor and Langmuir (see 

next paragraph). 
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 The crystals of metallic Cs have the same BCC arrangement as the tungsten, but 

with almost exactly double lattice constant (6.17 Å), thus making a ratio of 1 Cs atom per 

4 W atoms in a complete monolayer.  This implies that the true surface concentration (σ1) 

of a full film of Cs on W is 3.563.1014 atoms/cm2.  However, experimentally the apparent 

surface concentration becomes σA1 = 4.8.1014 atoms/cm2.  Since the ratio S/SA should be 

equal to σA1/σ1, this immediately gave the value of the 1.347 factor.  The parameter θ is 

defined as the number of atoms per unit of apparent surface, divided by the number of 

atoms in a complete layer of apparent surface: 

11 σ
σ

σ
σ

θ =≡
A

A  (5.3) 

 
5.1.3 Basic equation for the desorption of Cs from a tungsten surface. 
 

The data of Langmuir and Taylor’s experiments can be summarized in functions 

for ion and atom desorption of the form: 







 −=

T
BAexpν  (5.4) 

The form of the constants A and B vary for the two cases of atom (neutral) and ion 

desorption and are given by the expressions (Forrester, 1988): 
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In the case of ion emission: 
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2ln−= ap AA  (5.7) 

and 

(5.8) 
cap VBB 606,11681,8 +−=  

where Vc is the contact potential between a clean tungsten surface and a cesiated one.  In 

other words, it is the amount by which Cs lowers the work function of the tungsten 

surface.  The dependence of Vc on θ is given by: 

(5.9) 432 91.3453.42982.22679.10 θθθθ −+−=cV  

 A graphical representation of the atom and ion desorption rates is presented in 

Figure 5.1.  This figure exemplifies the general features of the ion and atom desorption 

rates as a function of temperature and surface coverage.  As expected in a case of 

evaporation, both rates increase with the surface temperature.  The most important 

characteristic of the behavior of these curves is the way in which neutral paticle emission 

is favored at high coverages, while ion emission is favored at low coverages below 10%. 
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Figure 5.1.  Atom (νa) and ion (νp) desorption rates for Cs on a tungsten surface as a 

function of surface coverage and temperature. 
 

5.2 On the desorption probability of a particle from a surface and the drooping 
of current pulses during the extraction pulse. 

 

 It is convenient to continue the discussion of the theoretical aspects of ion and 

atom desorption from metallic substrates by addressing the problem of desorption 

probability.  The original experiments that dealt with this problem (Evans, 1933) 

consisted of exploring the time constant for the decay of ion current pulses desorbed from 

tungsten upon sudden changes in the applied voltages of emitting and measuring 

electrodes.  The results of these original experiments yielded a dependence of the decay 

time constant with temperature of the Arrhenius form: 
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=

T
Qexp0ττ  (5.10) 

where τ is the mean desorption time (or average residence time of the particle on the 

surface), τ0 is a proportionality constant, T is the surface temperature (in units of energy) 

and Q is the desorption energy of the species under consideration (atoms, ions or 

electrons).  Figure 5.2 shows a diagram of a Born cycle for adsorption/desorption of Cs 

on a surface, with the terminology commonly used for these parameters. 

 

 

 

 

 

-I 

Is 

l+ l0 φ

+ e-
(Fermi sea) Cs+ (adsorbed)Cs (adsorbed) 

e-
(free) +Cs+ (gas)Cs (gas) 

Figure 5.2  Diagram representing the nomenclature for the energetics of ion, atom and 
electron desorption from a surface, in the case of Cs. 

 

Based on the above diagram, it is possible to work out the relationships between 

these parameters.  For instance, the ionization energy of a Cs atom on the surface, in 

terms of the ionization energy of the free atom and the desorption energy of the ion and 

the electron from the surface, would be given by: 

( ) ( )IllI s −−−= + φ0  (5.11)

The literature is not in full agreement regarding the measured values for τ0 and the 

energy parameters, a feature that is understood in terms of the difficulty to attain 

sufficiently clean surfaces.  Table 5.1 summarizes some of the Arrhenius desorption 

parameters for cesium ions on tungsten. 
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Experimenter and range of temperatures l+ (eV) τ0 (s) 

R. C. Evans (935 – 1,010 K) 1.81 0.7.10-10

F. Knauer (1,200 – 1440 K) 3.6 0.4.10-16

Scheer & Fine, clean W (1,070 – 1,200 K) 2.04 1.1.10-12

Scheer & Fine, contaminated W (950 – 1,130 K) 1.55 0.6.10-10

Langmuir (very low coverage approximation) 2.04 1.13.10-12

Table 5.1.  Summary of time and energy desorption parameters for cesium ions on 
tungsten (From Scheer and Fine, 1962 and Langmuir, 1933). 

 

 The results presented in the above table must be taken with caution.  The value of 

the desorption energy is dependent, albeit weakly for low alkali content, on the fractional 

surface coverage.  Furthermore, the nature of the contaminants, which in most 

publications is treated as a wild card, may have either a positive or negative effect on the 

ion yield depending on whether the effective work function of the surface is increased or 

decreased.  A contaminant like oxygen will increase the effective work function whereas 

a contaminant like carbon will decrease it.  For these reasons, the values in the table 

should always be used as a guide and for making relatively rough estimates. 

Regardless of these discrepancies, the measurements show that the mean lifetime 

of a cesium atom on a tungsten surface is extremely short.  For instance, at an operating 

temperature of 1,100 °C, using Scheer’s values and with the reasonable assumption that 

the data can be extrapolated within such temperature range, the mean lifetime would be 

~18 µs.    
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The desorption probability per unit time is given by 1/τ.  For a given surface 

concentration of particles in a surface, given by the product of the fractional coverage (θ) 

and the number of particles in a full monolayer (σ1), the ion desorption rate (νp) would be 

approximated by 

τ
θσν 1

1=p  (5.12) 

A tacit assumption here is that the coverage is low, so that the fraction of the population 

that is composed of neutral atoms is very small.  An equation of the form (5.12) will have 

a good agreement with the more general desorption equations described above when the 

coverage, θ, is lower than 0.001. 

 This equation is sufficient to model the time dependence of a current pulse when 

the surface coverage is sufficiently low to be affected by the current pulse itself.  The 

continuity equation in the emitter surface has the form: 

e
J

dt
d

p −=−= νθσ 1  (5.13)

We have introduced J, the current density, as the more common measured quantity.  

Taking the time derivative of equation (5.12), eliminating the dθ/dt term and integrating 

from J0 to J in the current density and from t0 to t in time, we arrive at: 







 ∆
−=






 −
−=

ττ
tJttJJ exp)(exp 0

0
0  (5.14) 

The term ∆t is the symbol for the current pulse length.  This short analysis concludes that 

once the surface coverage in an emitter surface is low enough to be affected by the 

extracted current during the pulse length, the first sign of ion depletion should be a droop 

in the pulse with a characteristic exponential decay.  The time constant for this decay is 
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the mean residence lifetime of the alkali atom in the surface.  A more general approach is 

given later in this section for the time dependence of J based on the classical theory of 

particle desorption for an arbitrary value of the initial coverage. 

 To illustrate a case of surface depletion during a long pulse test, there is some 

experimental data on a life time test done on a cesium doped contact ionization source.  

As said above, the experiment used the longest pulse length available in the experiments 

described in these pages, 10 µs.   In reality the pulser was capable of delivering pulses up 

to 20 µs, however, given the impedance matching (or unmatching!) conditions, the rise-

time of the pulser was heavily affected, thus yielding a flat top of about 10 µs.  Figure 5.3 

shows the general time behavior at a fixed extraction voltage of this test. 
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0 20 40 60 80 100 120 140 160

Time (hrs.)  
Figure 5.3  Life test of a cesium on tungsten source, at an operating temperature of 1,125 

°C.  Current density measureents were made at the center of the pulse. 
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 A more detailed description of these and similar tests is presented in Chapter 4.  

Figure 5.3 presents the case where the ionizer was capable of delivering a steady value of 

the current over a period of time of tens of hours until a very distinct droop occurs during 

the pulse.  Figure 5.4 shows the J – V characteristics associated with this experiment, 

showing the decrease in output at the highest extraction voltages.  Figure 5.5 shows a 

comparison of the J – V characteristics obtained when considering the measurements at 

the beginning vs. the middle of the pulse. 
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100

1 10 100

1125 (160 hrs.)
1125 (145 hrs.)
1125 (119 hrs.)
1125 (94 hrs.)
1100 C (0 hrs.)

Extraction Voltage (kV)  
Figure 5.4 J – V characteristics of the ion source corresponding to different points in time 

of the test of Figure 5.2. 
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Figure 5.5  Comparison of the J – V characteristics of the depleting source when 

measuring at the beginning versus the middle of the pulse. 
 

 Data regarding the current steadiness during the extraction pulse when the source 

was depleting is presented in Figures 5.6 through 5.11.  The first figure of the series 

presents the high voltage pulse as well as a typical current pulse for reference purposes.  

The remaining figures present the drooping current during the pulse length.  The 

photographs of the different scope traces were taken at different extraction voltages, thus 

showing the more pronounced effects of current decay at different current density 

demands.  It can be seen how upon increasing the voltage, the current droop is more 

significant, indicating the increase of the extent to which the surface coverage is being 

affected by the current pulse. 
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Figure 5.6.  Flat reference pulse of the Cs beam mentioned above, during normal 

operation.  Upper trace is the High Voltage pulse. 
 

 

 

Current pulse 

HV pulse

Figure 5.7.  Current pulse shape at an extraction voltage of 19.5 kV, after 160 hrs. of 
operation at 1,125 °C. 

 
 
 

 148



 

Current pulse 

HV pulse

Figure 5.8.  Current pulse shape at an extraction voltage of 23.5 kV, after 160 hrs. of 
operation at 1,125 °C. 

 

 

 

Current pulse 

HV pulse

Figure 5.9.  Current pulse shape at an extraction voltage of 27.3 kV, after 160 hrs. of 
operation at 1,125 °C. 
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HV pulse

Current pulse 

Figure 5.10.  Current pulse shape at an extraction voltage of 33.1 kV, after 160 hrs. of 
operation at 1,125 °C. 

 

 

HV pulse

Current pulse 

Figure 5.11.  Current pulse shape at an extraction voltage of 37.4 kV, after 160 hrs. of 
operation at 1,125 °C. 

 

 Table 5.2 summarizes the information that is presented in the previous figures.  

The table was prepared by taking an interval within the high voltage pulse and measuring 

the ratio of the current pulse at the beginning and at the end of the interval.  The 

theoretical ratio column is the expected value of the droop when the surface conditions 
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change as required by the model described earlier in Equation 5.14.  The values for a 

contaminated surface have been chosen for this comparison and are from Scheer and 

Fine, in Table 5.1. 

 

Extraction Voltage 
(kV) 

Time interval
(µs) 

Ratio of currents on 
interval (J2/J1) 

Theoretical ratio 

19.5 9.6 0.96 0.66 
23.5 11.2 0.82 0.61 
27.3 10 0.71 0.65 
33.1 10 0.56 0.65 
37.4 12 0.51 0.59 

Table 5.2.  Comparison of measured droop in a depleted Cs source with the predicted 
droop based on a simple model.  The model gives more realistic results at higher 

operation currents. 
 

 At this point it is not clear how the information on the drooping pulses may 

provide some kind of insight into the approximate value of the coverage present at the 

emitter surface.  An exponential rate of decay is predicted by the simple model shown 

above, but as it as also mentioned, the accuracy of such model is limited to very low 

coverages, namely, values below θ = 0.001.  This may explain the discrepancies observed 

in the last table. 

 The previous discussion leads immediately to the question: If there is such 

dependence between the current density “J” and the surface coverage, why is a droop in 

the current pulse something not inherent to this type of source, in any pulse?  The answer 

would clearly depend on what is the fractional change of the surface coverage that occurs 

during the extraction pulse.  In other words, if the coverage is sufficiently large, or the 

demanded current sufficiently small for the surface coverage to remain approximately 

unaffected during the extracted pulse, then no effects of pulse drooping should be 

observed.   While the previous analysis holds for very low surface coverages in which the 
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extracted current is expected to have a significant impact on the surface coverage itself, it 

is also possible to extend this analysis using the general desorption laws discovered by 

Langmuir presented earlier.  The idea behind this effort is that it is possible in principle to 

assess the approximate values of surface coverage in the ion emitter by examining the 

properties of the time-evolution of the current pulses when in operation in the emission 

limited mode.  This is shown next. 

 In Langmuir’s classical experiments, all time dependence effects were effectively 

eliminated by ensuring conditions of steady state in terms of achieving a balance between 

the rate of deposition of particles on the surface, and the atom and ion desorption rates.  

By ensuring constant values of surface coverage by the alkali atoms and ions, Langmuir 

was able to establish accurately the dependence of the desorption parameters with respect 

to only two variables, the surface coverage (θ) and the surface temperature (T).  

Langmuir was able to ensure the constancy of the surface coverage through a strict 

control of the pressure of the Cs gas atmosphere, thus controlling the rate of deposition of 

atoms on the surface.  This could carefully be equilibrated with the rates of desorption 

under examination in his experiment. 

 The surface conditions existing in HIF sources are very different than Langmuir’s.  

While it is expected that the functional relation between the ion and atom desorption rates 

with respect to θ and T will still hold, the careful control of the surface coverage in HIF’s 

ion sources is non existent.  The performance of the ion sources is completely determined 

by the total ion content, the diffusion rates through the porous tungsten (as it will be 

explained below), and the quasi-steady state conditions achieved at the surface of the 

emitter.  This quasi-equilibrium condition is due to the delicate equilibrium between the 
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rates of neutral particle desorption, the ion and atom diffusive replenishment rate and the 

occasional ion desorption pulse. 

 The term “quasi-equilibrium” is used since the surface conditions (the effective 

alkali coverage) change slowly with time.  However during fast transient conditions 

occurring during current extraction, the surface coverage may be affected in an important 

way. 

 The expected decay of the current pulse when the coverage is low has been 

previously shown.  In such conditions, drooping pulses are expected.  However, in the 

case of long pulses and/or high current density demands, it is important to assess the 

expected changes, if any, in the behavior of the current pulse due to changes in the 

surface alkali coverage. 

 In order to transform the steady state equations (5.4) and subsequent into a time 

dependent estimate, the most straightforward way is to treat the problem by successive 

iterations.  That is, for a given temperature and initial value of the surface coverage, the 

initial value of the ion desorption rate (νp) will be determined.  Then the surface coverage 

(θ) will be in turn affected by the desorbing particles, since the diffusive replenishment 

rate is not significant during the current pulse time scale.  This yields a new value of θ 

given by 
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θθ  (5.15) 

where θi is the initial value of the coverage in the “i-th” time interval and (ti-ti-1) 

represents the time step used for each calculation.  A general value of 0.1 µs was used 

throughout this analysis.  The successive estimation of νp(θ,T), based on a changing θ(t) 
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(due in turn to νp(θ,T)), effectively yields the sought for time dependence of the 

extracted current density. 

 The previous methodology was used then to estimate the variation of the current 

density with time with the initial value of the surface coverage as a parameter.   Figure 

5.12 shows a family of these calculations with different values of initial coverage, at the 

same temperature of operation (1,125 °C) as the cesium ion source described in the 

previous pages. 
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Figure 5.12.  Expected time evolution of the current density level of a cesium on tungsten 

doped emitter, operating in the emission limited mode, with the initial Cs surface 
coverage level used as a parameter.  Source temperature: 1,125 °C. 

 
 

 The curves obtained are very informative in several ways.   First, the curves 

denote significant variations of the output current density on the same scale as the pulse 

lengths of interest for HIF.  This shows that whenever there is no fast replenishment of 
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alkali atoms on the surface, the demanded current density levels are sufficient to 

significantly affect the surface coverage within the pulse time.  Second, the type of 

variation of the current pulse may be a good indication of the approximate level of 

surface coverage existing at the emitter.   If the surface coverage is higher than the value 

that yields the peak current density value, then the current pulse will further decrease the 

surface coverage towards this optimum value, thus increasing the current output during 

the pulse.  On the other hand, if the coverage is equal to or lower than the optimum value, 

then the additional decrease in surface coverage will cause a reduction of the ion current 

with time. 

 Inspection of Figure 5.12 may show that qualitatively, the emitter should be 

operating with a surface coverage lower than 0.5% in order to explain the observed 

magnitude of the droop in the current pulse.  The discrepancy in the initial value of the 

current density at such coverage may further be qualitatively explained by the 

uncertainties in the temperature measurement.  In this case, the emitter surface may have 

a higher temperature than the measured value, in order to deliver the slightly higher 

current density levels. 

 The interest in the level of influence of the current pulse on the surface coverage 

is sufficiently large to justify presenting here the more general cases of this phenomenon 

at different temperatures.  Figures 5.13 through 5.18 show the expected time dependence 

of the current pulses of a cesium on tungsten source, at operating temperatures of 1,050, 

1,100, 1,150, 1,200, 1,250 and 1,300 °C respectively.  The time chosen for the analysis 

has been 45 µs.  
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Figure 5.13.  Time evolution of the delivered current density by a cesium contact 

ionization source, showing the effect on the delivered current due to the changes in the 
surface alkali content provoked by the current pulse.  Temperature = 1,050 °C. 
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Figure 5.14.  Time evolution of the delivered current density by a cesium contact 

ionization source, showing the effect on the delivered current due to the changes in the 
surface alkali content provoked by the current pulse.  Temperature = 1,100 °C. 
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Figure 5.15.  Time evolution of the delivered current density by a cesium contact 

ionization source, showing the effect on the delivered current due to the changes in the 
surface alkali content provoked by the current pulse.  Temperature = 1,150 °C. 
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Figure 5.16.  Time evolution of the delivered current density by a cesium contact 

ionization source, showing the effect on the delivered current due to the changes in the 
surface alkali content provoked by the current pulse.  Temperature = 1,200 °C. 
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Figure 5.17.  Time evolution of the delivered current density by a cesium contact 

ionization source, showing the effect on the delivered current due to the changes in the 
surface alkali content provoked by the current pulse.  Temperature = 1,250 °C. 
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Figure 5.18.  Time evolution of the delivered current density by a cesium contact 

ionization source, showing the effect on the delivered current due to the changes in the 
surface alkali content provoked by the current pulse.  Temperature = 1,300 °C. 
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5.3 On the lifetime of a contact ionization source. 
 
 

An immediate question that arises after the discussion presented in the previous 

section is: if the ions can live for such a short time on the surface of the ionizer, why is 

the source lifetime measured in tens of hours?  The short answer to this question is that 

only a small fraction of the atoms or ions in the emitter actually live on the surface of the 

emitter at any given time.  The lifetime of the ion source is then mostly governed by the 

diffusion rate of the two existing species (neutral atoms and ions) from the emitter bulk 

towards the surface.  This process occurs on a longer time scale than the desorption of the 

particles from the surface, providing a slow replenishment, sufficient to keep the 

observed levels of current density.  This section will try to address the general issues and 

present relevant experimental data when available.   

 
5.3.1 On the diffusion of the alkali species towards the emitter surface. 

 
The topic of diffusion deserves special attention since it is the most important 

process in the understanding of the performance and behavior of the surface ionization 

sources studied in this work.   

 The cylindrical emitter is initially doped with a diluted solution of an alkali 

carbonate as described in Chapter 4.    Let us consider the case of potassium carbonate 

and its decomposition process as described by the chemical equations (5.16), (5.17) and 

(5.18). 

2232 COOKCOK +→  (5.16) 
 

(5.17) KOKOK +→ 222 21  
 

(5.18) 
2222 22 OOKOK +→  
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These reactions occur at temperatures of 600 °C, 300 °C and 600 °C respectively.  

Upon decomposition of the carbonate, CO2 escapes the emitter by diffusion while the 

K2O immediately decomposes into K2O2 and atomic potassium.  It is not clear yet what 

fraction if any of the oxygen produced by the combined reactions (5.17) and (5.18) 

remains within the porous tungsten emitter.  In experiments carried out with a residual 

gas analyzer (RGA) in LBNL’s 2 MV injector, the expected oxygen signal has failed to 

show up, indicating that despite the reactions that produce it, the oxygen has not been 

released in the vacuum tank’s atmosphere.  It is for this reason that the increased ion to 

neutral ratio observed in our experiments can be at least partially explained by an 

increased work function caused by the oxygen presence in the tungsten surface. 

 Even when considering the case of the diffusion of a single species, the process is 

highly dynamical and somewhat complicated.  Initially, the concentration of potassium or 

cesium in the emitter is relatively large, given the dose of carbonate used, which provides 

enough alkali atoms to have a full monolayer of coverage throughout the internal surfaces 

of the emitter.  It is expected that the initial distribution of the alkali atoms will become 

more uniform upon the breaking down of the chemical compounds and the natural 

diffusion of the alkalis in the bulk.  Several stages can be identified: 

 

a. An initial stage of an alkali rich bulk.  This stage should be identified at 

temperatures beyond 600 °C.  At this stage, the high concentration of alkali atoms 

favors their existence as neutral particles which have a smaller surface affinity 

with the tungsten than the alkali ions.  Therefore, a gas neutral particle dominated 
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process is expected.  This does not occur at very fast rates since this stage usually 

happens while the emitter is at relatively low temperatures. 

b. A mid-stage where sufficient alkali atoms have been desorbed so that there starts 

to appear a significant ion population.  The neutral atoms will continue to diffuse 

through like a gas, being slowed down by the fact that the gas atoms do not 

elastically collide with the emitter internal surfaces and bounce right off, but 

become adsorbed, spend some time on the surface and then become desorbed 

again.  The ions, on the other hand, due to their binding force to the surface, are 

limited to a slower diffusion speed, as their movement is through surface 

migration along the grain surfaces. 

c. A final stage where the alkali content is sufficiently low to favor the existence of 

ions, which as said in point b., move by surface diffusion.  It is at this stage that 

the source is fully operational and capable of its higher current yields.  It is also 

this slow surface diffusion mechanism that explains the observed lifetimes of the 

surface ionization sources. 

At this point it becomes very desirable to have a model that will describe the 

relation between the concentration of the alkali atoms at the emitter surface and the 

diffusion of the species in the bulk characterized by its diffusion coefficient “D”.  Since 

the cylindrical emitter has only one surface where the alkali atoms can actually leave the 

bulk (the other surfaces are covered by the tight molybdenum holder, which is flush with 

the front surface of the emitter), the problem can be understood in terms of a one-

dimensional diffusion problem.  The analytical solution of this problem becomes difficult 

given the nature of the boundary condition at the emitter surface, which acts almost like a 
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perfect absorber of the alkali atoms.  An alternative method to attack this problem may be 

a one-dimensional particle-in-cell simulation, which could describe the surface 

concentration of the alkali atoms, and relate the time dependence of this concentration to 

the diffusion constant.   Knowledge of this dependence would allow for a measurement 

of the diffusion constant of the species in the bulk at different operating conditions, since 

the surface concentration, or more precisely, the neutral evaporation rate that directly 

relates with the surface concentration, has already been measured as a function of time 

(see Figure 4.57). 

A third method was found and applied on the following analyses.  Based on the 

observations:  

1. The migration of alkali atoms from the bulk towards the surface of the emitter is a 

diffusion process. 

2. The neutrals can be evaporated from the surface sufficiently fast so that at any 

given time the surface concentration (and neutral desorption) will reflect the 

arrival rate of alkalis from the bulk. 

3. The diffusion can be treated as a one-dimensional problem. 

4. The time scale for the diffusive process makes the emitter behave like a thick 

body, so that the semi-infinite body approximation common in the solution of 

diffusive processes is appropriate. 

Following the methodology for the type of problem mentioned in point 4., the 

problem may be imagined as a thick slab with a uniform particle concentration.  The 

dimensions are measured from the mid-plane of the slab (x = 0), and only one side of this 
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slab is taken into account for the analysis.  What is sought for is a solution of the 

diffusion equation (5.19), subject to the initial and boundary conditions (5.20) and (5.21). 
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Figure 5.19.  a) Schematic of the diffusion problem solved to model the migration of the 
alkali atoms through the porous tungsten substrate.  b)  Plot of the actual solution 

(described in the text below) within the emitter region, with D = 2.10-6 cm2/s, and t = 500; 
2,000; 5,000; 8,000; 16,000; 30,000 seconds. 
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The second boundary condition at the surface of the emitter (x = L) must reflect 

the condition that the desorption rate of the particles is very high.  The emitter surface 

effectively “absorbs” the particles that reach it.  How this boundary condition is handled 

will become more clear later when the analogy with an equivalent heat transfer problem 

is discussed.   

The solution to this problem is exactly known as it is commonly used in transient 

heat conduction problems.  In the present context, the problem then becomes only to 

adapt the known solution to the conditions found in the measurements.  In the heat 

transfer problem, equation (5.19) is maintained except that “c” is replaced by “T”, then 

the solution is given by the following expressions in heat transfer nomenclature 

(Incropera, 2002). 
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Here T is the temperature in the slab at a given position and time, T∞ is the ambient 

temperature with which the surface of the slab exchanges heat by convection and Ti is the 

initial uniform temperature of the slab.  The coefficients Cn are given by the following 

expression: 
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where the values of the ζn’s are the successive positive solutions to the trascendental 

equation: 

( )
k

hL
nn =ςς tan  (5.24) 
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where finally, h is the convective heat transfer coefficient and k is the heat conduction 

coefficient of the slab.  The right hand side of equation (5.24) is known as the Biot 

number and is a nondimensional parameter indicating the relative strength of the rates of 

conduction of heat from the surface by convection to the internal heat diffusion in the 

material.   

 Adapting the solution to the conditions in our experiment, since at a given 

temperature the surface of the emitter is presumably capable of emitting all the neutral 

particles it receives from the substrate by diffusive transport, then the extreme case where 

the ratio “hL/k” tends to infinity has been chosen.  This seems reasonable given that the 

diffusion rate towards the surface is much slower than the desorption process.  This 

choice defines the following values for the first four terms Cn and ζn.  These values are 

presented in the following table. 

 

n ζn Cn 
1 1.5708 1.27324
2 4.7124 -0.42441
3 7.854 0.254648
4 10.9956 -0.18189

Table 5.3.  Values for the first four terms of the series of equation (5.13). 
 
 

 Continuing with the adaptation of the solution to the particular features of our 

problem, the cosine term in equation (5.22) plays the role of a normalizing factor.  

Specifically, given its dependence on the Biot parameter (through its dependence on ζn) it 

decreases the ratio on the left hand side of equation (5.22) if the convective heat transfer 

rate is large, basically equalizing the surface temperature with the ambient temperature.  

The cosine term also assigns a particular relative weight to the different terms of the 
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series.  For the purposes of our problem, the first role of the cosine term was ignored, 

because a normalized solution with an initial value of 1 is desired.  Nevertheless, the 

second role of the cosine term was kept, by assigning coefficients to the different terms of 

the series that preserve the original relative weight of the elements in the solution series.    

This choice of values has no influence on the desired estimate of the diffusion coefficient.  

It is very important to note that this normalization is made only to ease the matching of 

the experimental data of evaporation rates with the surface concentration.  If the 

analytical model is used to estimate the concentration changes within the bulk, then the 

original expression, without dividing by the first cosine term, must be used. 

 The left hand side of equation (5.22) is replaced by the ratio of the surface 

concentration (or what is actually measured, the neutral desorption rate), to its initial 

value in the interval of interest, “c/c0”. 

 By adapting the solution in the ways mentioned above, it is possible to make a fit 

to the experimental data by setting the initial value of the function to match the neutral 

desorption rate, and then having only a single parameter, the diffusion coefficient, to 

match the behavior of the experimental data.  The final result, the formula that has been 

used throughout for the estimates of the diffusion coefficient is then given by equation 

(5.25). 
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The desorption occurs at the surface of the emitter, hence x = L = 0.635 cm.  It is 

known that a good approximate solution for values of Dt/L2 > 0.2 is given by using only 

the first term in the solution series.  In our case a four term series is used.  The following 

figures show some of the fits that have been made in the case of the cesium neutral 

desorption data.  Figure 5.20 shows the measured data at 680 °C with the fitted curve 

generated with the series expansion.  The nature of the fit gives confidence that the 

simple model captures the essential phenomena occurring in the bulk of the emitter. 
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Figure 5.20.  Fitting of the Cs neutral desorption data at a temperature of 680 °C.  

Diffusion constant: 5.9.10-6cm2/s 
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 It is possible to relate this diffusion constant to what would be expected based on 

microscopic considerations.  The diffusion constant would have the form 

 

τ

2)(stepsizeD =  (5.26) 

 

where as usual τ represents the mean surface residence time of the adsorbed particle.   

Assuming that the average step size is half the diameter of a tungsten grain (~ ½ . 12µm = 

6 µm), the average residence time at this temperature, would be ~61 milliseconds. 
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Figure 5.21.  Fitting of the Cs neutral desorption data at a temperature of 765 °C with 

equation 5.15.  Diffusion constant: 1.2.10-5cm2/s 
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 Figures 5.22 through 5.26 show different fits at diverse temperatures for the data 

curves gathered on cesium.  If a single species  were diffusing, one would expect a 

behavior of the form: 







∝

kT
D εexp  (5.27) 

 

where ε is some characteristic energy barrier for the desorption process that allows the 

diffusion of the particles.  In our case this parameter would be an effective energy that 

would combine the desorption energy of the migrating atoms and ions.   Unfortunately, 

the increasing fraction of particles migrating as ions with time, which to some extent 

opposes the trend of increasing the diffusion coefficient, does not allow for this simpler 

behavior. 
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Figure 5.22.  Fitting of the Cs neutral desorption data at a temperature of 800 °C.  

Diffusion constant: 3.7.10-6cm2/s 
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Figure 5.23.  Fitting of the Cs neutral desorption data at a temperature of 840 °C.  

Diffusion constant: 1.0.10-5cm2/s. 
 

 
 As the evaporation of neutral particles becomes smaller and smaller, eventually 

the experiment ran into the problem of actually detecting the digital noise of the high 

impedance voltmeter used.  Figures 5.17 through 5.19 suffer from this digital noise 

problem.  The time intervals during which the measurements were made also included 

periods when the background signal was been checked, hence the data sets are not 

continuous.  The dispersion of the data points makes the uncertainty of the curve 

parameters greater, but the estimated values of the diffusion constants still provide a good 

idea of the diffusion characteristics at the evaluated conditions.  These graphs are 

presented also to give an idea of the type of agreement (good or not so good) obtained. 
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Figure 5.24.  Fitting of the Cs neutral desorption data at a temperature of 1,025 °C.  

Diffusion constant: 1.10-6cm2/s 
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Figure 5.25.  Fitting of the Cs neutral desorption data at a temperature of 1,110 °C.  

Diffusion constant: 7.5.10-5cm2/s 
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Figure 5.26.  Fitting of the Cs neutral desorption data at a temperature of 1,130 °C.  
Diffusion constant: 5.7.10-6cm2/s 

 
 Table 5.4 shows a summary of the different diffusion rates measured under the 

experimental conditions tested that are of relevance for HIF sources.  Note how the 

diffusion rate is higher at the lower temperatures of the heating cycle while the emitter 

has a large amount of alkali atoms and the flow through the porous substrate is primarily 

in the form of gaseous flow. 

 Figures 5.27 and 5.28 show the J – V characteristics of the cesium and potassium 

sources respectively, at the different temperatures of operation achieved during the 

neutral particle and diffusion rate measurements.  These curves were used to calculate the 

ratios of maximum available current density to neutral particle desorption shown in 

Figure 4.60. 
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 Diffusion Coefficient (cm2/s) 
Temperature (°C) Cesium Potassium 

680 5.9.10-06  
765 1.2.10-05  
800 3.7.10-06 4.0.10-06 
815  5.0.10-06 
840 1.0.10-05  
885 6.0.10-06  
955 4.0.10-06 4.0.10-06 
955 1.1.10-06 2.0.10-06 
955 6.5.10-07 1.4.10-06 
955 5.0.10-07 3.0.10-07 

1,025 1.0.10-06  
1,030  1.6.10-06 
1,055 1.2.10-06  
1,075 8.0.10-07 1.8.10-06 
1,095  1.5.10-06 
1,110 1.35.10-06  
1,130 5.7.10-06  
1,150  1.9.10-06 
1,185  3.5.10-06 

Table 5.4.  Estimated diffusion constants of the alkali species through a nominal12 µm 
grain size porous tungsten substrate.   Calculated by fitting the measured neutral 
desorption curves with equation (5.16).  Several values for D are listed for the 

temperature of 955 °C as it is at this temperature that the source is left by itself to 
eliminate the surplus of alkali atoms and during a period that lasts ~17 hours.  Lower 

diffusion constants are estimated at longer times.  In general, the uncertainty of the values 
can be estimated to ±5 in the last decimal place to have curve fits of the type of 

agreement shown in Figures 5.20 through 5.26. 
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Figure 5.27  J – V characteristics of the cesium on tungsten ion source used for testing of 

the neutral evaporation rates and diffusion constants. 
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Figure 5.28  J – V characteristics of the potassium on tungsten ion source used for testing 

of the neutral evaporation rates and diffusion constants. 
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5.3.2 On the surface replenishment rate. 

 
The studies on neutral particle desorption rates show values for these rates that are 

completely consistent with the observed lifetimes for contact ionization sources.  For 

instance, let us consider the case of a cesium source operating at 1,150 °C, taking a 

diffusion length of L = 0.635 cm (the length of the cylindrical emitter), the associated 

diffusion time scale would be ~ L2/D = (0.635cm)2/(5.7.10-6cm2/s) ≅ 19hrs.  This is 

consistent with the observed source lifetimes.  This suggests that indeed, for the duty 

factors used in these experiments, which are extremely low (~2 µs, every 20 s, or ~1.10-7) 

the main loss mechanism for alkali atoms is indeed the loss as neutral particles. 

Data has been shown as well (see section 5.3) regarding the influence of the 

extracted current on the surface coverage during the current pulse.  This data was shown 

in the context of a depleting surface, where the alkali concentration of the surface is low 

enough to be affected by the extracted current.  Nevertheless, this condition of surface 

depletion during the pulse can also be achieved with sufficiently large extracted current 

densities, or sufficiently long high voltage pulses.  Since the experimental means 

available at our facility could not deliver high enough extraction voltages or sufficiently 

long high voltage pulses, in the following pages the considerations that will be presented 

are based on theoretical considerations.  Nevertheless, these considerations are well 

grounded on the observations made and presented throughout this discussion.   

From the discussion in section 5.3 regarding the current decay during the pulse 

due to surface depletion, there is an obvious fact that can be appreciated by looking at the 

different photographs.  Even after a current pulse shows signs of surface depletion, if the 

source is given a sufficient amount of time (in the time scale of seconds), the next pulse 

 175



will be exactly alike, demonstrating that the diffusion of the alkali atoms towards the 

surface is able to provide the necessary amount of alkali particles for the next current 

pulse.  The surface coverage conditions are recovered by the diffusion mechanism in a 

certain time scale.  This observation immediately leads to the question of what is this 

time scale, and at what duty factor or repetition rate will an ion source operating in this 

mode run into a “diffusion limited mode” so that the current demands are greater than the 

natural, diffusion dominated, replenishment rate of the surface.  

The simplest and most direct approach to this problem must consider what is the 

longitudinal depth of the emitter surface that is actually affected by the extracted current, 

in order to estimate what is the time scale relevant for diffusion processes at such 

dimensions.  In other words, since up to this moment the modeling has been carried out 

by considering the particle concentration per unit length (in a unit transverse area of the 

emitter), we want to know what is the “surface thickness” that is affected (depleted) by 

the ion pulse.  It seems reasonable to assume a “surface thickness” of the same magnitude 

as the size of the tungsten grains that compose the material.  More precisely, a value of 

half of the nominal grain size should be used, given that such would be the distance 

between the outermost and innermost surfaces of the tungsten grains on the surface.  The 

length chosen is then ~ 6 µm.  This is the longitudinal distance along the emitter that 

would be affected by a current pulse.  With this scale, the associated diffusion time (again 

taking the case at T = 1,150 °C) would be τd ~ L2/D = (6.10-4cm)2/3.5.10-6cm2/s = 63.2 

ms.   If we further consider that a required time of approximately 5τd for a full 

replenishment of the surface coverage by diffusion mechanisms after a current pulse, then 

this would require a total time of 316 ms.  With such time requirements, an ion source 
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operating in this mode of diffusion replenishment would not be able to operate at a rate 

higher than 3Hz.  With this logic, high repetition rates would be aided by increasing the 

diffusion rate.  A decrease in the tungsten grain size would not necessarily imply an 

increase in the repetition rate capability of the source, since the diffusion constant (that 

goes as described in equation (5.26)) should also decrease by the same factor, thus in 

principle cancelling out any potential advantage of a decrease in the grain size. 

It may be possible though to decouple the dependence of the maximum repetition 

rate available on the grain sizes in the bulk and at the surface of the material.  The  

emitter can be made with a bulk made of sintered 12 µm size grains while sintering 

smaller grains at the surface layer.  In this way, the bulk diffusion properties would be 

maintained, while decreasing the replenishment time of the outermost layer due to the 

presence of a smaller diffusion distance.  Figure 5.22 shows a general estimate of the 

maximum achievable repetition rates with such an arrangement.  For visualization 

purposes, three different grain sizes at the surface of the emitter are considered.  The 

curves are calculated by defining the maximum repetition rate (MRR) as: 

255
1

l
DMRR bulk

d

==
τ

 (5.28) 

 

where “l” is the surface diffusion length, or the length that the ions must replenish after a 

current pulse.  The value of “l” is taken to be half of the nominal size of the metallic 

grains that form the surface of the emitter. The reasoning behind equation 5.28 is that 

once the surface is depleted, it will take a time requirement of 5 times the diffusion time 

constant to recover the original state of surface coverage.  At higher repetition rates, 

different quasi-steady states would be achieved.  These states would presumably yield 
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lower current densities or pulse drooping with respect to the condition in which a full 

replenishment is allowed. 

 Even as a rough estimate, this addresses a real potential limitation for high current 

density ion sources operating in this diffusion-limited mode with low alkali atom content, 

like the ones commonly used in HIF experiments.  The results presented on Figure 5.29 

are at odds with usual HIF driver requirements of operation in the 10 Hz regime.  For this 

reason some discussion on the possible sources of error on this analysis is warranted. 

 Two main potential sources of error have been identified.  On one hand, one of 

the basic assumptions that was made was that the phenomenon of diffusion with 

subsequent loss of particles at one surface is completely diffusion dominated.  The values 

of the ζn parameters in equation 5.16 were chosen for the most extreme case of a 

diffusion limited process.  In the language of the heat transfer problem after which this 

problem has been modeled, a case was chosen in which the convective heat loss rate was 

infinitely larger than the conductive propagation of heat.  Hence the choice of the Biot 

number, Bi → ∞.  This assumption may be challenged, if the phenomenon to be modeled 

is not entirely diffusion dominated (which given the expected desorption times a the 

surface, seems very unlikely).  In this case, a different set of parameters for equation 5.25 

should have been chosen. 
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Figure 5.29.  Dependence of the maximum repetition rate available in a contact ionization 
source as a function of the bulk diffusion constant, as measured in a 12 µm nominal grain 
size emitter.  The curves are parametrized by the grain size at the surface of the emitter in 

case that different grain sizes can be used at the surface and in the bulk material.  The 
diffusion length is then taken as half of the nominal grain size at the surface. 
  

 

Since the set of values for the ζn parameters used in equation 5.25 decrease 

whenever the diffusion is a less dominant factor, then the analyses made here are a 

conservative case in which the values of the estimated diffusion coefficients may have 

been underestimated.  For example, a choice of the Biot number of 10, which still models 

a higher rate of desorption than diffusion, will yield values higher than the originally 

estimated by approximately 67%. Figure 5.29 has been re-calculated and is shown in 

Figure 5.30. 
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Figure 5.30.  Maximum repetition rate estimated with the same methodology as in Figure 
5.29.  The ratio of the diffusion rate versus the desorption rate was given a higher value, 

thus making the diffusion constant estimates less conservative.  Diffusion constant values 
differ by a factor of ~ 1.67 with respect to the previous figure. 

 
 

While the desired HIF operation regime (~ 10 Hz) may be attained by appropriate 

selection of the surface diffusion length, this regime is only attained with fast diffusion 

constants, only attained with a high volume concentration of alkali atoms.   

 

 
5.3.3 On the differences of operation between a propulsion ion thruster and the 

studied contact ionization sources. 
 
 

The previous results seem to be at clear odds with previous experiences in contact 

ionization sources, namely, the ones used in space propulsion applications, in which 
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current is extracted on a DC basis.  This apparent conflict begs for an explanation.  As it 

will be noted, the ion sources used in such application in reality operate in a very 

different mode than the sources used in these experiments.  The results obtained are thus 

consistent, and further, necessary to understand the behavior of the ion sources used in 

HIF experiments up to date. 

The operation of a contact ionization source operating in the mode common to 

HIF experiments was described above, it can be further summarized as follows: 

 

1. An initial stage of high alkali atom content occuring just after the chemical 

compounds used to dope the source are broken down.  The main mode of 

diffusion of the alkali species is a neutral particle diffusion through the porous 

substrate through repeated desorption and adsorption cycles.  Despite the fact that 

at low temperatures high ionization is favored, ionization does not occur given the 

effects of the large alkali concentration on the tungsten surface’s work function.  

During this stage, the diffusion is fast.  

2. As the source temperature is increased, the diffusion rates increase for the neutral 

atoms phase.  However, as the total alkali content decreases, the fraction of alkali 

atoms that becomes ionized starts to raise.  Ions have different migration 

properties due to the magnitude of the force (image force) that attracts them to the 

metallic surface.  The main migration mechanism for ions is a surface diffusion, 

which is slower than the diffusion of neutral alkali particles. 

3. When the alkali content in the source is very low, most of the particle population 

exists in the ion state.  The migration is thus a slow diffusion towards the surface 
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where the particles are lost to neutral desorption and ion emission during current 

extraction.  At this point the dynamics of the surface concentration are changing 

slowly, and it is in this mode that the source usually operates.  See Figure 4.16 as 

an example of the ion output of a Cs source as the surface conditions slowly 

change.  At this point, presumably there exists a condition of quasi-equilibrium, in 

which there is almost a balance between a very low rate of surface replenishment 

by diffusion, and a low rate of neutral desorption.  Since the desorption time of 

the neutral particles is not zero, at any given moment there is a population of ions 

and atoms at the emitting surface.  During a short current pulse, the particles at 

the surface are quickly desorbed as ions.  The ratio of ions to neutrals given by the 

Saha equation remains valid even at very short time scales, since the electronic 

transitions that may ionize an atom or neutralize an ion occur faster than any other 

of the relevant processes.  After the source has been depleted during a pulse, the 

previous surface condition is recovered by the diffusion replenishment. 

4. The measured values of the effective diffusion coefficients suggest that the main 

migration mechanism is a surface diffusion of the ion species.  When the alkali 

concentration in the emitter is low, the Saha – Langmuir equation determines a 

high ratio of the amount of ions to the amount of neutrals, hence the ion effects 

should dominate.  The migration of neutrals through repeated desorption – 

adsorption – desorption cycles is highly determined by the porous geometry.  This 

is evident when contrasting the self-diffusion coefficient of Cs atoms at the 

typical operating pressures and temperatures.  The value of this diffusion 

coefficient (as calculated from Reid, 1988) would be approximately 1.5.104 m2/s, 
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many orders of magnitude higher than what has been measured for the effective 

diffusion coefficients.   

 

On the other hand, the operation of an ion thruster can be described as follows: 

 

1. Given the demand on current, not in terms of current density but in terms of 

continuous extraction, the emitter requires a very fast and large replenishment 

rate.  This can only be achieved by using a mode of operation in which the 

dominant diffusion mechanism is a gaseous flow from the bulk of the material 

(Brewer, p. 103). 

2. High alkali atom content at high operating temperatures demands for a 

mechanism of continuous back feeding of alkali atoms, driven through the porous 

emitter by a pressure gradient.  Otherwise, the fast diffusion would make it 

impossible to have the sufficient amount of alkali particles for the continuous 

operation.  This pressure gradient flow of neutral atoms is different in nature of 

the concentration gradient driven, surface-diffusion ion flow in HIF experimental 

sources. 

3. The predominantly gaseous flow through the porous emitter implies the exhaust 

of a strong neutral particle efflux from the pores at the surface of the emitter.  

Depending on the operating conditions, the ion thrusters emitted as much as 15% 

of neutral particles at the front surface, creating partial pressures on the front of 

the emitter of the order of 10-5 torr of an alkali background gas.  Clearly such 

conditions are not observed in HIF experimental sources. 
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4. The surface conditions appropriate for ion emission in the thrusters are achieved 

by the lower alkali coverage in the regions away from the pores, where the ion 

existence is thus favored.  For this reason the number of pores per unit area and 

the size of the pores are more critical parameters in the ion thruster mode of 

operation.  A large amount of pores per unit area is desirable for beam uniformity 

purposes.  A minimization of the pore size is desirable because this minimizes the 

area that acts primarily as a “neutral particle exhaust”.  In addition, the relative 

amount of area surrounding the pore, where the ion desorption occurs is 

maximized.  In the case of HIF experimental sources the ratio of ions to neutrals 

is higher due to the low alkali concentration.  For this reason the number of pores 

per unit area is less critical than in the case of the thrusters.  It is nevertheless 

desirable to reduce the surface rugosity (given by the grain size at the surface) 

because of its negative impact on the beam emittance.  The grain size is linked to 

the overall porosity and number of pores per unit area. 

 

5.3.4 Theoretical remarks on the diffusion in porous media. 
 

 

As it has been shown, the topic of particle flow by diffusion in porous media is of 

particular relevance for HIF ion source applications.  This section presents a brief 

summary of the relevant topics in particle diffusion.  The goal of this section is to guide 

the reader towards the relevant issues and topics that must be studied if a more detailed 

analysis of this process is undertaken.  The issues described in the following paragraphs 

will be essential if the diffusion process is to be modeled in detail, which seems the next 

logical step in the studies of these ion sources.  Most of the information on this section 
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has been obtained from the text Diffusion in Gases and Porous Media (Cunningham, 

1980).  This text includes a variety of relevant references for the interested reader. 

The types of diffusive flux in porous materials are classified depending on the 

type of interaction that the diffusing atoms have with the system walls.  These walls are 

the internal surfaces in the porous material.  The porous material is though of as 

consisting of a structure of “particles” (in our experiment these correspond to the 

tungsten grains that make up the porous material).  With this image in mind there are the 

following characteristic lengths: a) the mean free path between two atomic collisions (λ), 

b) the average distance between two neighboring “particles” or grains (λp) and c) the 

“particle” radius (rp).  The atomic or molecular size is assumed negligible in comparison 

with these lengths. 

As said above, the classification of the different diffusion regimes depends on the 

relative magnitude of these characteristic lengths.  For example, whenever λ << λp and rp 

>> λ, there is a total interaction between the atoms that collide with the walls and the 

other flowing molecules before another interaction with the wall occurs.  This condition 

is known as viscous flux.  If the condition λ >> λp occurs, the probability of a molecule-

molecule collision is negligible compared to that of a molecule-wall collision.  In terms 

of the Knudsen number, Kn defined as 

p

Kn
λ
λ

≡  (5.29) 

the condition can be written as Kn >> 1.  Such condition defines what is known as 

Knudsen flux.  The Knudsen flux is determined by the thermal velocity of the molecules.  

This is in contrast with the viscous flux where the molecules, despite chaotically colliding 
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among themselves, are being transported in a given direction at a given overall velocity.  

A calculation of λ at the typical operating pressures and temperatures of the HIF emitters 

indicates that the diffusion occurs in the Knudsen regime.  The following table shows the 

general classification of the different diffusion regimes. 

 

 

 

Condition Regime 

λ << λp; rp >> λ Viscous 

λ >> λp; rp >> λ Knudsen 

λ ≅ λp; rp >> λ Slip 

λ >> λp; rp << λp Pseudo-Knudsen 

λ << λp; rp >> 0 Molecular 

λ << λp; rp → 0 Inviscid 

Molecular size ≅ λp Configurational 

Different molecular masses; rp > 0 Nonequimolar 

Table 5.5.  Classification of diffusive fluxes based on the characteristic scale lengths. 
 

When the pore diameter is large enough for molecular diffusion to prevail, the 

diffusive flux will be independent of the pore diameter.  As the pore diameter or the 

pressure decreases, the resistance due to atom-wall collisions appears and the flux tends 

to decrease.  Since in the Knudsen regime the flux is proportional to the length of the 

atomic flights, the Knudsen flux will be proportional to the pore diameter.  If the pore 
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diameter is decreased to the point at which the molecular/atomic size is no longer 

negligible compared with the pore diameter, another resistance appears and the Knudsen 

diffusion gives way to configurational diffusion.  The above is an example of how the 

geometry and conditions of the media determines the type of flow.  The relevance of this 

classification is that the flow regime determines whether the flow will be segregational 

(different species flowing at different speeds) or if there are losses (of momentum or 

pressure) in the flow.  The reader is referred to the references mentioned above for further 

details. 

The measurements described in the previous section are measurements of 

“effective” diffusion coefficients.  The measurements are specific to the particular pore 

geometry and porosity found in the emitters tested.  The reason for this can be 

appreciated when thinking about the diffusion mechanism that occurs in the Knudsen 

regime.  On one hand there is a population of neutral atoms that migrates through 

successive adsorption – desorption – adsorption cycles, on the other, an ion population 

that migrates through surface diffusion along the walls of the porous structure.  In both 

cases, it can be intuitively seen how it is the geometry of the porous structure that will 

determine the diffusion rate.  There is, however, no simple relation between pore size 

distribution and permeability (Wiggs, 1958).  Permeability is defined as the rate of flow 

under unit pressure difference, through a unit cube of solid.  It is defined for a particular 

fluid and under the particular experimental conditions at which it is measured.  It will 

suffice to say that many structures exist with the same pore size distribution but very 

different permeability. 
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In addition to the pore size distribution it is important to know the “texture”, 

which is the geometry of the pore assembly.  For instance, this property refers to pore 

characteristics like closed pores, pore length in the direction parallel and perpendicular to 

the direction of flow, and pores with only one entrance. 

Another relevant property used to characterize a porous media is the “tortuosity”.  

This property is defined as the cosine squared of the mean angle between the flow 

streamlines and the overall pressure gradient.   The name of this property is quite 

meaningful as it refers to how tortuous a path must a particle follow to actually move 

along the main direction of propagation. 

It is expected that the above discussion shows the kind of subtleties that are 

relevant when trying to describe the diffusion processes from the theoretical standpoint. 

 

5.4 Estimates of apparent neutral particle coverage. 
 

 We can use the neutral desorption rate to make estimates of the apparent surface 

coverage of alkali atoms on the emitter surface.  In order to maintain the levels of neutral 

particle desorption, it is reasonable to suppose that a quasi-steady state condition is 

achieved by which the arrival rate of particles by diffusion equals the observed neutral 

desorption rates. 
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As an example we can use a typical level of particle desorption rate observed at operating 

temperatures, namely a level ~ 7.1011 particles/cm2.s.  Substituting in the previous 

equation the values of the constants, using the value of the diffusion constant 
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corresponding to what was measured at the above mentioned neutral desorption rate, and 

solving for C, the particle concentration per unit volume we find: 

316106.1 −⋅≅ cmC  (5.31) 

at x = L (the position of the surface).  It is here necessary to approximate the actual 

particle density per unit area corresponding to this volume density.  We may further 

approximate the value of the desired parameter, θσ1, by 

3
2

1 C=θσ  (5.32) 

which immediately yields 

210
1 104.6 −⋅= cmθσ  (5.33) 

of apparent concentration of neutral atoms on the surface.  This number should constitute 

a lower bound for the concentration of atoms on the surface, as there could be a higher 

concentration because of at least two reasons: 

a. At any given moment, there is a fraction of the total population of alkali 

atoms on the surface that exists in the ion form.   In other words, there is a 

definite probability of ionization for the alkali atoms.  The total fraction of 

the population that becomes ionized is given by the Saha-Langmuir 

equation (5.1) at low surface coverages.  Whenever there are changing 

fractions of the ion or atom populations, the short time scales during 

which the ionization/neutralization may occur, will preserve the ratio of 

ions to neutrals given by Saha in a practically instantaneous way. 

b. At any given time, only a fraction of the neutral particles may be escaping.  

Although given the short residence time of a neutral particle on the 

surface, this is not expected to be a dominant factor. 
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The value of the surface coverage is thus highly uncertain, since the ratio of ions 

to neutral particles on the surface will be a very strong function of the effective work 

function of the surface, which is an unknown parameter.  Furthermore, the estimate of the 

neutral particle coverage is really an estimate of the “apparent” neutral coverage, since 

the desorbing neutrals may also be created by the ions that become neutralized, in an 

attempt to preserve the ratio given by the Saha equation.  More details on this mechanism 

are discussed below, in the following section. 

It is not appropriate to “adjust” the estimated value of the apparent neutral 

concentration to estimate the concentration of ions on the surface.  This could in principle 

be done by simply applying the factor of ni/na given by the Saha equation.  Such estimate 

of the ion coverage would not be realistic, given that the apparent concentration of 

neutral particles also includes the fraction of the ion population that is continuously being 

transformed into neutral particles, thus making the “apparent” concentration, larger than 

the “real” concentration.  For this reason, the apparent concentration of neutrals on the 

surface tends to strongly overestimate the actual neutral particle concentration that would 

exist if there was a steady state condition on the surface of the emitter.  Figures 5.31 and 

5.32 show plots with the estimated “apparent” neutral particle coverage as measured at 

the beginning of the intervals at each temperature.  These plots are for information 

purposes since the time intervals at each temperature were not equal, thus making the 

identification of trends in the graphs elusive. 
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Figure 5.31.  Apparent neutral concentration of cesium atoms on the porous tungsten 

surface (12 µm nominal grain size), as estimated from the neutral particle desorption rate 
data at the beginning of the time period at each temperature.   Time periods were not of 

the same length. 
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Figure 5.32.  Apparent neutral concentration of potassium atoms on the porous tungsten 
surface (12 µm nominal grain size), as estimated from the neutral particle desorption rate 
data at the beginning of the time period at each temperature.   Time periods were not of 

the same length. 
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 It was mentioned above that the apparent concentration of neutral particles may 

not be readily used to make an estimate of the actual ion coverage.  To support this claim 

it was mentioned how there is a continual transformation of ions to atoms and atoms to 

ions in such rates that the equilibrium concentration predicted by the Saha equation was 

maintained.  This mechanism also means that once there is a change on either of the ion 

or atom populations, there will be an imbalance that will be compensated by a net 

transformation of the other population.  One can imagine that the ratio of the rate at 

which the atoms are transformed into ions, to the rate at which ions are transformed to 

atoms is what is given by the Saha equation.  The population would then naturally drift 

from any initial ratio of ions to neutrals to the known ratio of species predicted by the 

Saha equation.  This will perhaps be appreciated more clearly with the following 

exercise.   

Let us consider a closed system composed of an arbitrary number of ions, ni, and 

an arbitrary number of atoms, na.  Both populations may live on the surface of a metallic 

substrate that may affect the probability of an atom becoming ionized or an ion becoming 

neutralized, as it occurs in the tungsten ionizers under consideration. We view the 

population of particles on the surface as two sets of discrete species, atoms and ions, with 

a defined probability of becoming a member of the other set.  Let us name the ratio at 

which atoms are ionized as Rai and the ratio at which ions are neutralized as Ria.  The 

claim is that the ratio of these rates, Rai/Ria = 1/2exp[e(φ-I)/kT] = S, is what is determined 

by the surface, and that with such premise, any population initial ratio ni0/na0 will 

naturally arrive at the expected equilibrium ratio, S predicted by the Saha-Langmuir 

 192



equation.  To show this, consider the ordinary differential system that describes the rate 

of change of each of these populations, ions and atoms (equations 5.33, 5.34 and 5.35).  

Naturally, the only mechanisms for loss or gain in each population are the transformation 

rates from and to the original states, that is, no replenishment mechanisms or loss 

mechanisms are being considered, a requirement that does not change the physics of this 

model. 

iiaaai
i nRnR

dt
dn

−=  (5.34) 

iiaaai
a nRnR

dt
dn

+−=  (5.35) 

RRSR iaai =⋅=  (5.36) 

With the premise of the analysis, equation (5.36), the system of equations may further be 

written as: 

ia
i RnSRn

dt
dn

−=  (5.37) 

ia
a RnSRn

dt
dn

+−=  (5.38) 

The solution of the above differential system (equations (5.37) and (5.38)), subject to: 
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The equilibrium populations of ions and atoms are given respectively by: 
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from which it follows immediately that the equilibrium ratio of ions to atoms in the 

system is then: 
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as expected from the steady state interpretation of the Saha equation.  So, starting from an 

arbitrary ratio of the amounts of ions and neutrals, the requirement on the ratio of the 

rates of ionization and neutralization will necessarily produce a steady state ion/neutral 

distribution consistent with the Saha equation prediction.  This seems to be a compelling 

argument to visualize the inter-transformation of the species, ions and atoms, on the 

surface of an emitter, as a highly dynamical process.  For instance, once the effects of 

desorption of either or both of the species is incorporated, the balance implied in the 

previous analysis would be disrupted.   If there is a continuous desorption of atoms, there 

would be an imbalance in the equilibrium reactions ni ⇔ na such that the ions would be 

neutralized at a faster net rate than in the equilibrium case, thus becoming an additional 

source of neutrals.  Conversely, during ion extraction, the neutral population would 

become also a source of ions.  As mentioned before, the electronic transitions that ionize 

or neutralize the particles occur at a very short time scale compared to the extraction 

pulse times, therefore, their effect during the extraction times would be noticeable. 
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5.5 On the presence of large amounts of ionizable impurities and their effect on 
the space charge limit. 
 

The following exercise is of theoretical interest since it is unlikely to have the 

sufficient amount of ionizable impurities in a source.  It may nevertheless give some 

insight into what happens when there is more than one ionizable species in the emitter. 

The standard derivation of the non-relativistic Child-Langmuir limit for charged 

particle emission of a single species is derived in the one-dimensional case by 

considering the following equations: 
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This analysis considers negative particles, so as to keep the values of the potentia

than zero, the physical meaning of the results is unaffected.  Substituting (5

(5.47), then solving for ρ in the resulting equation and inserting this result i

yields: 
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Applying the boundary conditions φ(0) = 0 and φ(d) = V, and solving for J one obtains: 
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 Equation (5.52) is the Child-Langmuir limit for space-charge flow.  A similar 

procedure may be applied to find what is the limiting current value when there is more 

than one ionizable species at the source.  The analysis would again consider only steady 

state conditions and would therefore not describe possible effects due to a faster ion 

desorption of the lighter species, but this method may be appropriate to estimate the total 

ion yield.  Here we consider the case of two species with different masses, both with a 

single charge state, as would be the case of K+ and Cs+ in a tungsten ionizer.  In this case, 

the space charge in the gap will be composed of the contributions by each of the species.  

At the same time, the velocities at a fixed position in the gap will be different due to the 

mass difference.  The relevant equations become: 
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By substituting the expressions of the velocities with the expressions given in (5.55) and 

(5.56) we arrive at: 
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Equations (5.53) and (5.57) form a system of two equations with three unknowns.  

Since the space charge in the gap is expected to be composed of a determined ratio of the 

two species present, it is convenient to introduce the parameter R = ρ2/ρ1 to solve this 

system (further considerations will assist in finding out what this ratio is).  This would be 

the ratio of “impurity” ions in the surface to “expected”.  The new system of equations 

becomes: 
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So mathematically the system is reduced to the problem described above for 

species.  The resulting ordinary differential equation is: 
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Solving for the potential we find: 

( ) 3/4

3/2

21

12213/23/1
3/2

0

1)2(
4
9)( x

mm
mqRmq

ReJx
−

−










 +
+








=

ε
φ  

and solving finally for the current density after applying the same boundary cond

above: 
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It may be convenient to further simplify the above expression by introducing the ratio 

κ=m2/m1, that is, the ratio of the mass of the “impurity” ion compared to the “expected” 

one.   We obtain then: 
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 What is the ratio R = ρ2/ρ1?  It is necessary to cast this parameter in terms of other 

quantities.  Using the relation ρi = J/vi and equations (5.55) and (5.56), the ratio R can be 

expressed as in (5.64). 
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Equation (5.63) can thus be re-written as 
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Equation (5.65) is the formal solution to the problem.  The original s

shown in equation (5.52) has been modified by the term within the large paren

Equation (5.52) can be recovered by setting J2 = 0 in (5.65).  We are still left w

need to estimate the ratio J2/J1.   It should be recognized here that this ratio depe

the actual capability of the emitter to deliver ions of either species.  In other wor

ratio J2/J1 depends on the relative concentration of the species at the emitter s

With the relation (5.65), once the total current density (J) is measured experiment

principle it could be possible to estimate the ratio J2/J1 by measuring the deviati
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with respect to the value it would have if only one of the species were present.  Of course 

this assumes that only one other species can actually be emitted and also assumes 

knowledge of the emitted charge states.  This may be unrealistic except for alkali species 

where q = 1. 

The estimate of the J2/J1 term may allow for a further estimate of the ratio of the 

surface concentrations.  If the surface concentration of either species is low enough for 

equation (5.12) to hold, then the ratio of the current densities would be related to the 

concentrations by 
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which again presupposes previous knowledge of the values of the desorption parameters 

(Q) and the monolayer coverage constant (σ) for both species. 

 
5.6 On the effects of residual atmospheres of alkali gases on the ion source 

current output. 

 
 Since the demand of current density at the regimes of interest in this work may 

have a significant impact on the surface coverage over the pulse time, it is important to 

look at the possible mechanisms that may contribute to the maintaining a particular level 

of surface coverage.  This aspect was a necessary consideration given the background 

signal observed with the neutral particle detector.  Although small, the signal was not 

zero and one of the possibilities for this signal is that there is an incoming influx of 

neutral alkali atoms in the residual atmosphere in the vacuum tank. 

 From kinetic theory, it is known that the rate, µ (in particles per unit area per unit 

time) at which particles from a gas strike a surface is given by: 
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where p is the gas pressure, m is the mass of the particles in the gas, k is B

constant and T is the temperature of the gas.  Upon converting the backgroun

the detector into an incoming particle density (assuming a 100% adsor

subsequent ionization, and a conservative temperature of 300 K), the cor

residual gas pressure of alkali atoms was estimated to be 4.10-11 torr.  This

lower pressure than the ordinary operating pressure in the experimental facility

torr, thus making plausible the idea that a very tenuous atmosphere of alkali at

exists in the chamber.  If it is assumed that this residual atmosphere is inde

then it must be accepted that the source itself is receiving an influx of alkali

this estimated pressure of 4.10-11 torr, the influx of particles would have a m

1.1.1010 particles/cm2.s.  This means that on a 2 µs extraction pulse, there is a

2.2.104 particles arriving on the surface.  Since the number of particles leaving

in a 90 mA/cm2 pulse is 1.125.1012 particles/cm2, it can be concluded that th

the actual surface coverage that this residual atmosphere has is negligible.    

 In order to provide appreciable levels of replenishment, namely, incom

fluxes of the order of 1012 particles/cm2, basically all of the residual gas in 

chamber would need to be composed of alkali atoms, that is, a partial pressure

torr.   

 It can be concluded then, that based on these considerations and on th

background signal detected by the neutral particle detector, partial replenish

alkali atom coverage in the emitter due to the residual alkali atmosphere in the

an important factor in these experiments. 
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5.7 Ion Gun Simulations and Sensitivity Analyses. 
 

Besides the initial ion gun simulation used for the design of the extraction system, 

further particle tracking simulations were made to better understand the potential effects 

of the emitter-Pierce electrode gap.   

In surface ionization sources of large (multi-cm) diameter, it is possible to 

identify the influence of edge effects, namely non-uniformities in the extraction or effects 

caused in the emitter surface – Pierce electrode transition.  In the case of small (mm-

sized) sources, since the ratio of the perimeter of the source to the total area is larger, the 

influence of these effects was expected to be significantly larger. 

 The software package used to model the influence of these effects was “TRAK 

5.0”, written by Stanley Humphries of the University of New Mexico.  Trak is an 

electrostatic code with particle tracking suitable for simulations of space charge limited 

emission situations such as the one in hand.  Figure 5.32 shows a typical Trak output of 

the used setup. 

 

 

 

 

 

 

 

 

Grounded Faraday Cup 

Emitter Pellet Extractor Plate

Supressor Collector

Pierce

Figure 5.32.  Solution region for the modeling of the beam extraction with Trak 5.0. 
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5.7.1 Modeling of the gap geometry. 

Particular care was taken in the modeling of the extraction geometry, with an 

emphasis on the emitter surface – Pierce electrode gap.  The following Figure 5.33 show 

the main features modeled, as well as the principal effect of a decreasing gap. 
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Figure 5.33.  Trak 5.0 modeling of the Pierce – emitter gap influence on the initial 
extraction optics. 
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There are two ways to see in a quantified manner the effects of the gap on the 

produced beam.  On one hand we have a strong effect on the gun perveance.  Figure 5.34 

shows the different current densities predicted at different voltages with the emitter – 

Pierce gap as a parameter.   It can be seen how at an extraction voltage of 30 kV, for 

instance, the emitted current will have any value between 25 and 45 mA/cm2 depending 

on the gap.  The other way is by showing the effect on the current density profile, as 

shown below. 
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Figure 5.34.  Plot of the expected J – V characteristics and their dependence on the Pierce 
– emitter gap. 
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According to the simulations, the total ion yield is affected mostly due to a change 

in the emitting profile of the ions.  As the gap increases there is a decrease in the potential 

gradient that occurs mostly at the higher radii of the source.  Given that the contribution 

to the total current is most significant at the outer radii, the effects become quite 

noticeable.  Figure 5.35 shows a family of plots displaying the calculated beam profiles 

obtained from the simulations, again with the gap value as a parameter.   
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Figure 5.35.  Track 5.0 modeling of the effect of the Pierce – emitter gap on the current 

density distribution as a function of emitter radius. 
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Chapter 6:  Conclusions 
 
 
 This section summarizes the main findings of the work presented in the previous 

pages.  The reader is referred to the appropriate sections in the main text where the 

different items are treated in more detail. 

 
6.1 Potassium Aluminum Silicate emitters. 
 

In this work, a more extensive use of a Scanning Electron Microscope (SEM) was made 

as a means to have an improved quality control on the preparation of the potassium 

aluminosilicate emitters used in HIF experiments.  The use of this diagnostic allowed for 

identifying the most desirable microscopic appearance and composition of the used 

materials and the acceptable methods of preparation.  These diagnostics had a positive 

impact in the capability to produce potassium aluminosilicates capable of high ion yield 

as well as improved surface conditions.  
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a. In accordance with what is expected from its physical properties, the mineral 

Leucite is considered to be the one responsible for the high current density yields 

observed.   

b. To maintain the ideal (in the stoichiometric sense) composition of this material is 

difficult for three main reasons:  Firstly, small fluctuations in the purity or 

amounts of the materials used for its fabrication will provoke the presence of 

different phases with slightly different compositions throughout the material.  

This may be partially supported by the observation of a changing signature (the 

characteristic X-ray spectra) of the used emitter materials.  Second the high 

temperatures required for the preparation of the emitter do provoke the loss, at 

different rates, of the elements that compose the aluminosilicate.  This is 

supported by the stronger changes in the X-ray signature observed as the 

preparation temperature of the emitter increases.  The claim that the loss rate of 

the elements occurs at different rates is supported by the fact that the element 

potassium seems to be most strongly affected by this circumstance, as judged by 

the changes on the intensity of its characteristic peak.  Thirdly, the composition of 

the aluminosilicate is itself a product of a delicate balance between the cations 

and anions that make up the material.  It is to be expected that the fluctuations in 

the composition will result in the presence of different phases.  The extraction of a 

high current density K+ beam from such a structure is itself a cause for a 

composition change at the surface level of the material.  It is not known for sure 

how the emitter reacts to such abrupt changes in surface composition, but it is 

reasonable to believe that by considerations of charge neutrality, some of the 
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components of the negatively charged framework that enclose the cations will 

evaporate from the surface.  This constitutes a continuous material loss 

mechanism.  Evidence for the presence of different atomic groups has been 

observed in other experiments prior to this work (Tiefenback, 1986).  The neutral 

particle detector used in this work measured neutral particle levels of the order of 

~ 0.5 µA/cm2 when pointed at an aluminosilicate emitter at 1,150 °C.  In 

combination with this process it is possible to expect a participation of diffusive 

mechanisms within the material, in a natural effort to compensate for the 

composition fluctuations, and aided by the relatively high temperature of 

operation of the ion sources. 

c. The conjecture that there are diffusive processes of some relevance in the 

operation of aluminosilicate sources is partially supported by two observations.  

On one hand, the performance of composite materials made by combining 

tungsten or molybdenum powders with aluminosilicate powders never displayed a 

characteristic “activation” or improvement in its ion output with time.  On the 

contrary, their output seemed to be characterized by a continual decay analogous 

to the diffusion-limited processes that are observed in the case of the doped 

contact ionization sources discussed in Chapter 5.  Since the only clear difference 

between these aluminosilicates is the physical disposition in a collection of small 

(~ micron size) grains as opposed to a single layer (as in the usual emitters), it is 

possible that the effective thinness of the emitter provides an extremely small 

“reservoir” of alkali atoms, that diffuse across the grain dimensions.  While this 

current decay can also be explained by the continual material loss from the 
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emitters, no appreciable change in the amount of aluminosilicate was observed 

after operation.  The second observation is the behavior of an emitter “depleted” 

by the application of a DC field.  The characteristic recovery of the emitter is also 

reminiscent of the behavior expected if there were a diffusive flow of ions 

towards the allegedly depleted surface. 

d. Aluminosilicate emitters showed an unexpected robustness in their capability to 

provide sustained levels of high current density pulses in continual operation.  

The most recent designs considered for high J sources involve the use of smaller 

emitters than what were used in these experiments (~ 2mm diameter as opposed 

to ~ 5 mm).  The current extracted from these sources has been higher than in the 

mentioned designs by a factor of 3.  Nevertheless, the associated values of the 

normalized emittance have also been higher, but by a factor of ~10.  It is very 

likely that acceptable parameters can be achieved with this type of source for the 

multiple beamlet injector configurations, based on the flexibility that has been 

identified (in simulation work) with respect to the initial beam emittance before 

merging.  The aluminosilicate type of source is then a viable option for pursuing 

experimental work.  The use of such type of source in a fusion driver 

configuration is questionable, since such application would imply high repetition 

rates that, combined with the apparent diffusion or recovery time (see section 

4.2.4) would mean a relatively short lifetime before replacement or recovery is 

required.  In contrast to the contact ionization type, there is no known way of 

providing continual replenishment in the case of the aluminosilicate source. 
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e.  By observing the X-ray spectra of the activated aluminosilicate sources (section 

4.2.3), as well as the spectrum of the source that was depleted and then “re-

activated”, it can be seen how the high output yield of the aluminosilicate ion 

sources is correlated to a relatively low potassium content at the surface.  This 

calls into question whether it is the actual leucite form of the mineral which is 

responsible for the maximum current density achievable, or if it is a slightly 

changed phase, that forms over time during operation.  Only a more detailed 

crystallographic analysis could settle this matter. 

 

6.2 Contact Ionization Sources. 
 

a. High current densities have been verified in this work.  The actual capability of 

these sources to attain these ion yields was not obvious despite being predicted by 

theory.  The reason for this is that the theoretical framework that explains the 

behavior of the contact ionization sources was developed under experimental 

conditions of steady state and constant surface coverage that are not readily 

reproducible in the more dynamic conditions of the HIF sources.  This was the 

basic justification for the efforts described on these pages.  Two main reasons can 

be offered for the not attaining the desired level of current density of 100 mA/cm2 

of potassium equivalent.  First, it became evident that the effect of the emitter – 

Pierce electrode gap has a more significant effect on the ion output than in larger 

ion sources (see Section 5.8.1).  More relative surface area belongs to the “edge” 

of the emitter and is thus more significantly affected.  The second factor is related 

with the dependence of the ion output with respect to the surface coverage.  As 
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higher currents are demanded, the range of values of the surface coverage that are 

capable of supporting these higher current densities is reduced.  Since the actual 

value of the coverage will change more rapidly as the temperature increases, and 

since the higher temperatures are required for the higher current yields, this makes 

the optimum coverage value a moving target that can not be maintained for 

prolonged periods of time.  While the highest < J > value observed was 90 

mA/cm2, more typical values easily attainable with the applied voltages (of up to 

70 kV) were ~ 75 mA/cm2. 

b. The previous item indicates that in order for a contact ionization source to be 

usable in a sustained manner in HIF experiments, at the desired levels of high 

current density, methods of continual surface replenishment must be used.  It has 

been shown, though, that the required flow rates needed to maintain an adequate 

surface coverage level are very low.  This means that it is not necessary to 

reproduce the same methods of surface replenishment used in other applications 

such as the ion thruster systems.  As mentioned in the text, these systems require 

much higher alkali fluxes, accompanied by higher neutral desorption with all its 

associated problems.  It has been shown that the low levels of alkali coverage 

required will not need a neutral-particle diffusion dominated regime proper of 

high alkali content in the porous substrate.  Since only much smaller alkali 

content is required, the dominating diffusion mechanism will be the surface 

migration of ions.  This would provide a slow but steady replenishment of the 

emitter surface capable of sustaining moderate repetition rates. 
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c. The mode of operation mentioned in item b. will be appropriate for operation at 

low duty factors, as required by usual HIF experiments.  A driver mode of 

operation will require higher fluxes and thus will operate almost in a different 

mode, with higher neutral content in the substrate, faster diffusion and higher 

neutral particle desorption rates, in a mode closer to the regime of the ion 

thrusters. 

d. The estimates of the diffusion constants made in this work, as well as the 

identification of the different modes in which such emitters may operate, opens 

new possibilities at the simulation level.  It is possible to carry out a more 

detailed, 2 dimensional simulation of what occurs in doped ion sources regarding 

the diffusion processes.  This is relevant for both, the small emitters used in these 

experiments, as well as for the larger ion sources used in other experiments.  In 

principle, it would be possible to simulate, given an initial content of alkali 

dopant, where the gradients of the concentration are the highest, where there are 

more losses of alkalis and where is a source most likely to show signs of depletion 

during operation.  Given that the diffusion of the particles within the substrate is 

not fast, it is reasonable to expect that non-uniformities in the initial distribution 

of alkalis (due to poor doping procedures), may actually play a role in the 

performance of the source and on its lifetime (as would be the case of an 

insufficient penetration of the dopants).  Therefore, these results may point to new 

directions of improving the quality of the ion sources of this type commonly used. 

e. The estimates made in this work regarding the diffusion constants, and the 

subsequent elaborations on the maximum repetition rates achievable are very 
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rough and perhaps describable as the most simple minded approaches that will 

still lead to reasonable results.  These analyses point at directions of research that, 

to the author’s knowledge and opinion, have not been properly addressed before 

and have the potential of becoming important issues as the ion demand and 

repetition rate on this type of ion sources is increased in future experiments.   It 

seems very logical to expect that the maximum repetition rate deliverable by an 

ion source working on the mode described in these pages will depend on the 

diffusion-limited rate of replenishment of the surface, and so that there is a natural 

limit to this repetition rate.  This work constitutes a first look into issues of this 

sort. 

 

6.3 General Issues. 
 

a. Small fluctuations or changes in the position of the emitter within the Pierce 

produce relatively large effects, given the more reduced dimensions of the high J 

ion guns, and the fact that the current scales as the inverse of the square of the 

extractor – emitter gap. 

b. Issues such as the Pierce-emitter gap, and the changes in position of the emitter 

seem to be automatically addressed by other type of ion sources such as the 

plasma ion source or MEVVA type source.  The preliminary experiments 

described in the appendices also open research possibilities into promising ways 

to deliver the required beam parameters for the multiple-beamlet architectures in 

HIF drivers.  The experiments described are not exhaustive and it is expected that 
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additional work carried out will strengthen the case of these ion sources as 

perhaps the most appropriate candidates for this type of configuration. 
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APPENDIX 1:   INITIAL EXPERIMENTS OF RF GAS PLASMA SOURCE 
FOR HEAVY ION FUSION * 
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Abstract 

The Source Injector Program for the U.S. Heavy Ion Fusion Virtual National 

Laboratory is currently exploring the feasibility of using RF gas plasma sources for a HIF 

driver. This source technology is presently the leading candidate for the multiple aperture 

concept, in which bright millimeter size beamlets are extracted and accelerated 

electrostatically up to 1 MeV before the beamlets are allowed to merge and form 1 A 

beams. Initial experiments have successfully demonstrated simultaneously high current 

density, ~100 mA/cm2, and fast turn on, ~ 1µs. These experiments were also used to 

explore operating ranges for pressure and RF power. Results from these experiments are 

presented as well as progress and plans for the next set of experiments for these sources. 

 

1.  BEAMLET INJECTOR FOR HIF 

The source injector for a heavy ion fusion driver must deliver ~ 1016 ions to the 

accelerator [1]. Given current limits of sources and transport limits of accelerators, the 

injector will almost assuredly have multiple beams. Most present conceptual designs have 

an injector energy of 1.6 MeV and current per beam of 0.5 A [2]. Presently, the Heavy 

Ion Fusion Virtual National Laboratory is pursuing a concept of creating the 0.5 A beams 
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by initial extracting many, ~100, small beamlets and accelerating them to 1 MeV before 

they are allowed to merge to together [3]. This concept promises to produce brighter, a 

key figure of merit, higher current beams and a more compact injector. Initial simulations 

have given encouraging results. 

Another advantage of the beamlet architecture is the beam brightness of the 

merged beam is dominated by the emittance growth of the merging process and, is only a 

weak function of the ion temperature of the source. This allows the possibility of using 

sources with higher ion temperatures instead of surface ionization sources. The merged 

beams in the beamlet injector only achieve high brightness if the current density of the 

beamlet is high, ~ 100 mA/cm2. In fact, current density becomes a more important 

criterion for the source than ion temperature. 

 

2.  RF PLASMA SOURCE 

For the beamlet concept to be practical, there must be a source that delivers high 

current density and easily accommodates the geometry of many millimeter size beams. A 

plasma source is such a source. Specifically, the HIF program has started development of 

a multicusp RF plasma source for HIF. These sources have been used to produce high 

current density beams and can form the beamlets by using a single RF bucket with a grid 

for the extraction plate. In fact, K.N. Leung's group at LBNL demonstrated over 100 

mA/cm2 for Ar. [4]. 

Another important requirement for the sources in HIF is the ability of a fast turn 

on. To minimize non-linear effects in the head of the beam, the rise time of the voltage 

waveform across the first gap must be ~ 100 ns. Plasma formation times are usually of 
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the order 10 µs, implying the necessity for a fast high voltage pulser. Even with such a 

pulser, a fast rise time is not guaranteed. The emission surface in a plasma source does 

change as the voltage pulse ramps up, so a fast beam current pulse may not arise with a 

fast high voltage pulse. K.N. Leung's group also demonstrated fast rise time, - 1 µs, with 

an RF plasma source, but with only a few µA of beam current [5]. Thus, HIF source 

injector program recently conducted experiments aimed at simultaneously demonstrating 

fast rise time and high current density. 

 

3.  EXPERIMENTAL SETUP 

The experiments were preformed with the same 10 cm multicusp source used in reference 

[4]. The plasma chamber has an inner diameter of 10 cm with 20 SmCo magnet columns. 

A 1.5-turn, quartz antenna with a 5 cm diameter coil generates plasma inside the 

chamber. The power is delivered to the antenna from a RF amplifier via a fifty-ohm 

transmission line and an impedance matching network. The RF amplifier generates a 2 

ms burst of 13.56 MHz RF signal at a rep rate of 10 Hz. The maximum peak RF output 

power of the amplifier is 5 kW. The gas, Argon, is introduced to the plasma chamber 

through a needle valve and the absolute pressure is measure by a capacitance manometer. 

A small tungsten starter filament is used to feed seed electrons and typically drew about 

60 W of power in order to provide an adequate source of electrons. 

The extraction system consists of a plasma electrode with an aperture of 3 mm. The gap 

to the ground electrode is 3 mm, which has a 4 mm diameter opening for the beam to 

travel through. A pulser, manufactured by Diversified Electronics, provides the extraction 

voltage. The system is capable of delivering a 50-kV, 20microsecond pulse with a peak 
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current of 25 A. A faraday cup with a magnetic filter was used to measure the beam 

current extracted from the source. The faraday cup picks up transients from the extraction 

pulser. These transients are subtracted from the data in software by recording the signal 

from the faraday cup with the extraction voltage pulse but without the RF amplifier so 

that no beam is extracted. Figure 1 shows a raw faraday cup signal with and without the 

RF amplifier running and the software subtraction of the two. As can be seen from the 

figure, the transients picked up by the faraday cup is only a small fraction of the signal. 

 
Figure 1: Sample signal from Faraday cup with and without beam extraction and 

difference between the two. 
 

4.  EXPERIMENTAL RESULTS 

First, it was verified that this source could produce 100 mA/cm2 of beam current 

density. The matched condition for the source configuration was determined by varying 

the extraction voltage and measure the flattop beam current. Figure 2 shows a plot of 
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current density versus extraction voltage. The data shows a typical voltage to the three-

halves power behavior for low voltage. In this region, the Child-Langmuir limit for space 

charge limited ion extraction is lower than the emission limit from the plasma source. At 

around 15 kV, the two limits are near equal. Above, this voltage, the extracted current 

density plateaus, indicating emission limited beam extraction. For this example, the 

matched condition was determined to be 14.4 kV. This plot clearly shows that 100 

mA/cm2 can be produced by this source. 

 
Figure 2: Current density versus extraction voltage. 

 

With the starter filament in place, 2 mtorr was found to be the minimum pressure for 

stable operation of the source. Below this pressure, the RF pulse did not always form 

plasma. Below about 1.0 mtorr, plasma was never ignited. The RF amplifier was set to 3 

kW of peak power for the 2 ms pulse. The extraction pulser was set to fire 500 µs after 

the RF pulse started in order to allow the plasma to stabilize before beam extraction. The 

extraction voltage was set to 14.4 kV. 
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Figure 3 shows the resulting extraction voltage waveform and extracted current density. 

The delay between the two is the time of flight of the argon ions to the Faraday cup. The 

measure current density is 93.3 mA/cm2. This, however, is not a fundamental limit of the 

setup, but simply the matched condition for this RF power setting and pressure. Figure 4 

is the same plot with the time axis expanded around the front of the pulse. Analysis of the 

waveforms revealed a 2.2 ± 0.1 µs rise time for 10%-90% of the flattop. The extraction 

pulse also has a similar rise time, 2.3 ± 0.1 µs, indicating that the rise time is being limit 

by the pulser and not the plasma source itself. 

 

 

Figure 3: High voltage pulse and extracted current pulse for plasma source with starter 
filament. 
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Figure 4: Same as figure 3, only with the time scale expanded around start of pulse. 
 

The rise time of the pulser is dominated by the stray capacitance and inductance 

of the system. One way to significantly reduce the effect of the load is to remove the 

starter filament and the isolation transformer needed to deliver power to it. This was 

removed from the system and the measurement repeated. Unfortunately, without the 

starter filament the minimum pressure for stable operation is 18 mtorr. To get a similar 

current density, the RF power was reduced to 2 kW. For these settings, a matched 

condition was achieved at 15.7 kV. Figure 5 shows the resulting waveforms. For this 

configuration the rise time of the extraction pulse is 1.4 ± 0.1 µs. The current pulse again 

appears to follow the extraction pulse with a rise time of 1.5 ± 0.1 µs. Again, there is no 

evidence the plasma source itself is limiting the rise time. Unfortunately, further 

reduction in the rise time of the extraction pulse would require a different pulser or major 

changes to the test setup. 
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Figure 5: Extraction voltage and current density versus time for plasma source without 
the starter filament. 

 

4.  DISCUSSION 

 

These results demonstrate it is possible to achieve simultaneously high current 

density, ~100 mA/cm2, and fast rise time, ~ 1 µs, with a multicusp RF gas plasma source. 

The data indicate the rise time is limited by the extraction pulse and not the plasma 

source itself. Though there may be a plasma source limit below 1 µs. This result is 

achieved by fast switching of the extraction voltage and not the RF power. A starter 

filament allows for operation at a lower pressure, 2 mtorr as compared to 18 mtorr 

without. Also only 3 kW of peak RF power is needed to generate current densities of 100 

mA/cm2. Even though more power would be needed for a source large enough to 
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generate 100, 5 mA beamlets, a duty factor of less than 0.1 % is needed for the RF power, 

which implies a low average power system is needed. 

 

5.  FUTURE PLANS 

 

Based on these results, the HIF program has decided to continue development of 

the plasma source. A larger plasma source capable of delivering 100, 5 mA beamlets is 

under construction. The inner diameter of the plasma cavity is 26 cm and it has 38 

magnets surrounding the outside. The antenna is a one and two-thirds turn, quartz 

antenna with a diameter of 10 cm. Based on the results of the previous source, it is 

estimated that ~10 kW of peak RF power is need to create plasma with a high enough 

density to extract 100 mA/cm2. This RF power will be provided by a pulsed RF system, 

which can be floated at high voltage. 

The source will be tested on the source pulser system of the Recirculator [6]. This 

pulser system is capable of delivering up to 100 kV and rise times of ~300 ns when 

driving a 10 nF load. This system may be capable of even faster rise times for loads with 

less capacitance, as is expected when this source is connected to this platform. This 

pulser system should allow full scale testing for the first gap of the multi-beamlet 

architecture. Experiments will be focused on exploring extracted current density and 

emittance versus RF power and gas pressure. Charge exchange in the extraction gap is an 

important concern and energy measurements will be performed to determine the 

magnitude of this effect. Also, charge state purity will be explored with time of flight 

measurements. A pulsed gas system may also be developed to minimize gas load and 
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thus charge exchange in the extraction gap. Results from the experiments should be 

available by April of 2002. 
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APPENDIX 2: Time resolved emittance of a bismuth ion beam from a pulsed 
vacuum arc ion source 

 

André Anders and Edwin Chacon-Golcher 
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1 Cyclotron Road, Berkeley, California 94720 
Abstract 

 The emittance of a pulsed bismuth vacuum arc ion source has been measured 

using a time-resolving double slit emittance scanner. Each arc pulse was 250 µs long. Ion 

extraction was performed with 20 µs pulses 200 µs after arc triggering, when Bi ions are 

almost exclusively singly charged. This was motivated by a possible use of the ion source 

for heavy ion fusion. Pulsed extraction implies perveance mismatch during extractor 

voltage rise and fall time. The emittance increased with arc current. The beam current is 

very constant when operating in the slightly overdense plasma regime because 

fluctuations of the ion supply current are partially offset by extraction optics. For an 

extraction voltage of 35 kV, a bismuth current density of up to 18 mA/cm2 with a 

normalized emittance of 0.006 π mm mrad was obtained for a beamlet of 2 mm nominal 

diameter. 

 

Vacuum arc ion sources, also known as metal vapor vacuum arc (Mevva) ion sources, 

can deliver ion beams of high-current density of virtually all solid conducting materials1. 

Ions are extracted from fast streaming, high-density metal plasma that originates at 

cathode spots2. In the present experimental setup, ion extraction is accomplished using 

three multiple-aperture grids of the common acceleration-deceleration configuration3,4.  
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Vacuum arc ion sources can be used, for instance, for large area metal ion implantation. 

For more than a decade, they have also been considered for heavy ion fusion5-7 (HIF). 

However, vacuum arc plasmas are rapidly fluctuating due to explosive nature of plasma 

generation at cathode spots. There have been attempts to control plasma flow and to 

suppress plasma and beam noise, e.g., by biased meshes introduced in the plasma prior to 

ion extraction6-10. With the progress achieved, the vacuum arc ion source remained a 

candidate for heavy ion fusion applications. Despite a considerable body of work, no 

time-resolved emittance measurements have been reported. To further evaluate and 

improve the viability of this kind of ion source, time-resolved emittance measurements 

are critical.  

 

For the measurements, the Berkeley Lab vacuum arc ion source “Mevva V”, Ref.1, was 

equipped with a double slit emittance scanner (Fig. 1). Each slit had a width of 93 µm (as 

measured in a scanning electron microscope) and a length of 50 mm. The first slit was 

located 10 mm after the last, grounded extraction gird, and the plane of the second slit 

was 52.3 mm after the plane of the first slit. Both slits were moved with computer-

controlled stepper motors coupled to Huntington actuators. The minimum step achievable 

was 2.5 µm. A Faraday cup was mounted behind the second slit; its output signal was 

amplified by a calibrated wide-bandwidth amplifier before the signal was recorded via a 

digital storage oscilloscope and data acquisition system. Data visualization and 

evaluation was accomplished by custom MatLab® software. 
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We have selected bismuth as the metal of choice because (i) it is the heaviest non-

radioactive metal, (ii) the charge state distribution can be shifted to almost 1+ only, (iii) 

natural bismuth contains more than 99.9% of the isotope 209, i.e. it is practically 

isotopically pure, (iv) its cost is relatively low, and (v) it is nontoxic compared to the 

neighboring elements Hg and Pb. The ion charge state distribution contains almost only 

singly charged ions if the arc pulse is longer than 200 µs. Therefore, even when the ion 

pulse length of interest for HIF is about 20 µs, it was opted to use long arc pulses of 250 

µs and pulse the ion extraction system 200 µs after arc triggering.  

 

High voltage pulses for ion extraction were provided by a 50 kV pulse modulator of 2.0 

kΩ impedance. Because the voltage at the load at impendance-matched conditions would 

be only 25 kV, we chose to operate a higher voltage, which can be obtained with a load 

resistor of e.g. 20 kΩ, compromising the ideally rectangular voltage pulse shape. The 

constant voltage portion of each pulse is 15 µs long. The large rise (~5 µs) and fall time 

(~15 µs) allow us to study the head and tail development of the beam pulse, although for 

later application one would try to operate a pulse modulator of higher voltage under 

impedance-matched conditions, thereby minimizing rise and fall time. 

 

A three-grid extractor of the common accel-decel type was used. The diameter of the 

plasma grid hole was 2.0 mm and the diameters of the holes in the negative suppressor 

and grounded outlet grids were 4.0 mm each. 
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Figure 2 shows a profile composite taken with 65 different positions of the slit with the 

Faraday cup. Corresponding to the fall and rise time of the extractor voltage pulse, one 

can clearly see the pulsed beam’s head and tail, characterized by large divergence. The 

central section of the beam shows much lower divergence and associated lower 

emittance, see Fig. 3. In the following we focus on the properties of the central section. 

The emittance of the beamlet can be displayed in the x-x’ phase space. For better 

visibility it is common to shear the phase space along the x’ direction using the 

transformation 2
sheared original originalx x x x x′ ′ ′= − ⋅ x , where the  brackets indicate RMS 

averaging. An example is shown in Fig. 4. 

 

It is known that the emittance is a function of the plasma conditions, and the easiest way 

of adjusting vacuum arc plasma parameters is via the arc discharge current. As 

anticipated, and confirmed by the data shown in Fig. 5, the total ion current and the 

emittance grow with increasing arc current. Data in Fig.5 refer to values in the central 

part of each pulse and exclude emittance during rise and fall time of the extraction pulse. 

 

The main motivation for this work has been to improve the viability of a Mevva-type ion 

source for HIF applications. An extraction design analogous to the one used here aims at 

values per beamlet of current Ii and normalized emittance 4n rmsε β γ ε=  for a K+ ion 

beam of ~5 mA and 0.002 π-mm-mrad, respectively, at an extraction voltage of 100 kV; 

v cβ =  and 21 1γ β= −  are the relativistic factors, ( ) 222 'rms 'x x x xε = − ⋅  is the 

RMS emittance. At the lower extraction voltages and higher ion mass used here, the 

equivalent current is ~0.55 mA (at 35 kV), that is, at the regime where the measured 
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values were. The emittance values of up to 0.006 π-mm-mrad are much smaller than 

previous data 5,7 where a larger beam diameter used and where measurements were 

averaged over the beam pulse duration. The emittance determined here is still a few times 

the theoretically desired value. However, our experimental values are still acceptable for 

HIF applications because the individual beamlets will be merged, and the final emittance 

is relatively insensitive to the initial emittance per beamlet. 

 

The quality of an ion beam in terms of ion current density and emittance critically 

depends on the position and shape of the boundary between quasi-neutral plasma and 

space charge in the extraction system. It is known that the current density of ions supplied 

to the plasma boundary needs to be well matched to the solution of the unipolar space 

charge problem, also known as perveance matching condition4. The unipolar space 

charge problem describes the limitation of charged particle flow by its space charge as 

governed by the Poisson equation. Child and later Langmuir solved this problem for the 

infinite plane geometry as 

 
1 2 3 2

, 0 2
4 2
9i Child

i

Qej
m d

ε
  Φ

=  
 

 (1) 

where Φ and d are the potential difference and distance between the plasma grid and the 

suppressor grid, respectively, Q  is the mean ion charge state number, e is the elementary 

charge, mi is the ion mass, and ε0 the is permittivity of vacuum. In contrast to most other 

plasmas, the flow of vacuum arc ions to the plasma boundary is not governed by thermal 

motion but by supersonic drift acquired at cathode spots. The flow is therefore 

 0 0i ij Q e n v= i  (2) 
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where  and v  are the ion density and drift velocity at the plasma boundary. The 

average velocity of bismuth ions is 4,700 m/s, Ref.

ni0 i0

2, and 1Q ≈ . Perveance matching 

( ) can be accomplished by adjusting the density n  via the arc current. The 

vacuum arc plasma is expanding while moving away from the cathode spot. For free 

expansion, where anode effects and magnetic fields can be neglected, the density falls 

like

,i ij j≈ Child i0

11 

2
0i arcn Iγ= 0s     (3) 

where  is the distance from the cathode to the plasma extraction electrode, and 

. 

0 13.5 cms =

3 -1 -1A  m110γ ≈

During the extraction voltage rise and fall times, the plasma boundary is bulging 

into the extraction gap, giving rise to the large beam divergence (Fig. 6(a)). In these 

phases, the voltage Φ(t) and associated ji,Child(t) are small, representing an overdense 

plasma regime ( ), as it is observed in the head and tail phase of each beam 

pulse (Fig. 3). The properties in the central part of a beam pulse depend on the arc 

current: the supply current according to equations (3) and (2) can be smaller or greater 

than the Child current (1). At low arc current, the plasma is underdense ( ) and 

the plasma boundary is more concave than ideal (Fig. 6(b)).  Best beam properties are 

obtained under matched conditions (Fig. 6(c)).  

,i i Childj j>

,i i Childj j<

Fluctuations of the plasma density do not only represent fluctuations in terms of 

ions available for extraction but they also translate into fluctuations of the shape of the 

plasma boundary and fluctuations of the beam envelope position. In the underdense 

regime, plasma density fluctuations appear amplified by ion extraction optics. This has 
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been observed by the ion current variability at the beam edge, not only during the rise and 

fall time but throughout the beam pulse. In contrast, the central part of the beam (at small 

beam radii) shows only very little noise in the overdense regime, which is in agreement 

with previous observations12. We plan to elaborate on this effect and multi-beamlet 

measurements in a follow-up paper. 

 

We gratefully acknowledge support by Joe Kwan, William Ghiorso, David Beck, 

William Waldron, and Lionel Prost. This work was supported by the U.S. Department of 

Energy under Contract No. DE-AC03-76SF00098. 
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Figures and Captions 

 

Figure 1. Vacuum arc ion source Mevva V equipped with a double slit emittance scanner. 
Measurements were done using the central extraction hole only. 

 

Figure 2. Time-dependent profile of a bismuth beam; arc current 160 A, 35 kV extraction 
voltage. 
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Figure 3. Time-dependent emittance of a bismuth beam with same parameters as in figure 
2. 

 

Figure 4. Emittance of a bismuth beam averaged over the time interval 10-20 µs (i.e., 
excluding beam head and tail), displayed in the sheared phase space. Parameters as in 
figures 2 and 3.  The color scale denotes changes of 10% in signal intensity.  The peak 
intensity is at the center of the phase space plot. 
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Figure 5. Emittance and ion current as a function of arc current at 35 kV extraction 
voltage. 
 

 
Figure 6. Ion trace simulation from a plasma boundary as a function of ion supply current 
and space-charge limited current, using code TRAK version 5.0. (a) oversupply 
condition, as typical during extraction pulse rise and fall time, leading to convex plasma 
boundary; (b) undersupply conditions; plasma boundary is more concave than ideal, and 
(c) matched condition with slightly concave plasma boundary, causing a focusing effect 
that compensates beam enlargement by space charge. The vertical lines represent 
equipotential lines. 
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