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Sources of U- and H- ions are needed for diagnostic neutral 

beams and for current drive in fusion plasmas. Previous efforts to 

generate U- beams have focused on electron capture in a gas or 

production on a low work function surface in a plasma. Volume 

production of U- by dissociative attachment of optically pumped 

lithium molecules has also been studied. This thesis presents the 

first experimental results for volume production of a U- ion beam 

from a plasma discharge. A theoretical model for volume 

production of U- ions and separate model for U2 production in the 

lithium discharge are developed to explain the experimental 

results. The model is· in good agreement with the experiment and 

shows favorable parameter scalings for further improvement of the 

Li- ion source. A 6Uo diagnostic neutral beam based on this ion 

source is proposed for measurement of magnetic pitch angle· in the 

International Thermonuclear Experimental Reactor (ITER). 



Previous efforts in developing H- ion sources have 

concentrated on volume production in a plasma discharge. 

Experiments to improve the H- current density from a magnetically 

filtered multicusp ion source by seeding the discharge with cesium 

or barium have been conducted. A substantial (> factor of five) 

increase in H- output is achieved for both cesium and barium 

addition. Further experiments with barium have shown that the 

increase is due to H- production on the anode walls. The 

experiments with cesium are consistent with this formation 

mechanism. These results show that this new type of 

'converterless' surface production H- source provides greatly 

improved performance when compared to a volume H- source, 
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Chapter I Overview of Negative Ion Sources for Fusion Applications 

Introduction 

Sources of H-, D-, and Li- ions are needed to generate 

efficient neutral beams with energies in excess of 150 keV per 

nucleon for fusion research. 1 For purposes of neutral beam heating 

and current drive in fusion plasmas, D- ion beams with energies of 

1-2 MeV are considered the most appropriate. Fusion plasma 

diagnostics using H- and Li- ions to generate high energy neutral 

beams of HO and Lio with energies of .5 to 5 MeV have also been 

proposed. 2,3,4 Therefore the development of negative ion sources is 

of considerable importance for fusion applications. 

Generation of high energy neutral beams requires production 

of negative ions, acceleration of these ions to high energies, and 

then neutralization of these ions to allow penetration of the beam 

into the magnetic field confining the fusion plasma (Fig. 1-1 from 

Ref. 5). Before discussing the ion source in detail, some mention 

should be made of the other components in the beamline. After 

exiting the ion source, ions enter an accelerator structure which 

increases ion energy into the MeV range. Development of a new 

accelerator technology is required at these energies, and is being 

addressed in several conceptual designs.S,l These designs 

investigate both DC and RF schemes to accelerate ions into the MeV 

energy range. 

Once the ion beam has been accelerated- to the desired energy, 

the beam ions must be neutralized as efficiently as possible. In 

this case, efficiency is given by the percentage of beam ions 

1 
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neutralized. The positive-ion-based neutral beam systems now in 

use rely on a gas target to neutralize the positive ions. This method 

becomes very inefficient for energies above 75 keV per nucleon 

(Fig. 1-2, from ref. 5). However, negative ion based neutral beams 

can be efficiently neutralized at any energy of interest for fusion 

applications (Fig. 1-2). With a gas target, efficiencies of -600/0 can 

be obtained, while use of a plasma target can improve this to -85%
• 

The use of a laser photoneutralizer could provide efficiencies in 

excess of 950/0. 

The gas target neutralizer consists of a gas cell containing 

an optimal 'thickness' or line density of gas atoms or molecules. 

The beam ions undergo charge exchange or electron detachment 

when colliding with the neutralizer gas particles and are 

neutralized. However, subsequent charge exchange between the 

neutralized beam and the target limits the efficiency obtainable in 

this type of neutralizer.8 The plasma neutralizer is a subject of 

current research. 9 The advantage of using a plasma target is the 

large neutralization cross-section available. Utilizing plasmas 

with high ionic charge states enhances this process. The most 

efficient negative ion beam neutralizer uses a laser to photodetach 

the weakly bound electron from the negative ion. In this case, the 

photon energy is large enough to strip the extra electron, but not 

enough to cause subsequent ionization of the neutralized beam 

atoms. In theory, a 100% neutralization efficiency can be obtained 

using this process. 

Other components in the neutral beam line include the bending 

magnet and beam dump. Their purpose is to remove unwanted ions 

3 
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from the beam, both positive and negative. These high energy ions 

could cause damage to the entrance duct of the fusion plasma 

vacuum vessel. Another consideration is neutron shielding, since 

the neutral beam system has a direct line-of-sight to the fusion 

plasma, and next generation fusion devices will produce sizable 

amounts of 14 MeV neutrons from fusion reactions. However, the 

neutron flux is inversely proportional to the square of the distance 

fro.m the reactor wall, therefore the use of long beamlines can 

substantially reduce neutron irradiation of some beamline 

components. This idea is incorporated in recent conceptual 

beamline designs (Fig. 1-3, from ref. 6). 

Production of Negative Ions 

There are presently three different methods for producing H

ions: double charge exchange, surface production or conversion, and 

volume production. These also apply to Li- and 0- ion production. 

In order to be useful for fusion applications, a negative ion source 

must achieve high delivered ion current densities with low 

emittance to the accelerator. The delivered current density. should 

be of the order of tens of mAlcm2 in order to achieve an 

economical heating and current drive system. Likewise, the 

requirement for low emittance dictated by the long beamlines 

makes a low negative ion energy spread very desirable. Ion source 

requirements for diagnostic beams vary widely depending on the 

application. 

Double charge exchange negative ion sources utilize a 

positive ion beam that passes into a vapor cell where many ions 

5 
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undergo two electron capture reactions with vapor atoms to 

produce the negative ions (Fig. 1-4, from ref. 5).10,11 The positive 

ion beam is typically at energies of 1 to 10 keV in order to 

optimize the charge capture cross section. The vapor is usually an 

alkali or alkaline earth metal. Efficiencies of approximately 10% 

are obtainable for a 10 keV proton beam in sodium, and 500/0 for a 

250 eV proton beam in strontium. 12 This method of negative ion 

production suffers from several problems. Since the positive ion 

beam must have a relatively low energy, one must either tolerate 

the low current densities obtainable from positive ion sources at 

these energies or use an accel-decel system. Accel-decel systems 

are highly divergent due to space charge effects and therefore are 

generally unattractive. Moreover, the use of metal vapors as the 

charge exchange target can cause voltage holding problems in 

accelerator structures. Metal vapors are also difficult to confine 

to the source region and may appear as impurities in the fusion 

plasma. As a consequence of these problems, very little work is 

now being done on double charge exchange negative ion sources. 

Surface production or conversion sources utilize a low work 

function surface immersed in a plasma to generate negative ions 

(Fig. 1-5, from ref. 5).13;14,15,16 This low work function surface is 

usually made of molybdenum with a coating of cesium. A cesium 

coverage of about 0.5 monolayer results in a minimum in the work 

function. 17,18 This surface is biased negative with respect to the 

plasma in order to attract positive ions to the surface. These ions 

can interact with the surface in two ways to produce negative ions. 

As ions collide with the surface, they may pick up two electrons 

7 
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and leave the surface negatively charged.' 9,20 In this case, the 

positive ions are converted by the surface into negative ions which 

are further accelerated by the negative potential bias applied to 

the surface. Negative ions can also be formed by sputtering 

adsorbed gas atoms off of the low work function surface. These 

sputtered atoms can leave the surface with an additional electron 

to create a negative ion, which is accelerated into the plasma by 

the bias potential. Surface-conversion sources can produce large 

amounts of negative ions, of the order of amps per cm2 , on a pulsed 

basis (for H-).' 3 When operated in steady state, these sources 

produce a much smaller current density due to the difficulty of 

maintaining the cesiated surface under intense ion bombardment.2' 

Problem areas for the surface source include the large energy 

spreads of the negative ions and the migration of cesium to 

accelerating structures causing electrical breakdowns. Some work 

continues on this type of negative ion source, however most of the 

research effort is now directed at volume production ion sources. 

Volume production negative ion sources create negative ions 

through reactions in the volume of the plasma, although surface 

effects may be important here also. The relevant negative-ion

producing reactions are detailed in the literature.22.23.24 

Dissociative attachment is presumed to be the dominant 

mechanism for H- ion production in most ion source plasmas, and 

has been shown to be the only known mechanism consistent with H

ion production in low power discharges.2s The dissociative 

attachment reaction proceeds as follows: 

10 
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(1 -1 ) 

Since almost all of the work presented here concerns low power 

discharges, the dissociative attachment reaction will be 

considered in some detail. . 

The cross section for dissociative attachment is a strong 

function of the internal energy of the molecule, and for hydrogen 

increases almost an order of magnitude for each vibrational state 

from 1 to 4, with smaller increases for higher states.26 •27 Thus it 

is important to populate the' higher vibrational states in order to 

increase negative ion production. The most likely mechanism to 

populate these higher vibrational states is electron impact 

excitation of higher molecular electronic states which radiatively 

decay back to the ground electronic state.28 •29 This reaction 

proceeds as follows: 

• e + H2 ~ e + H2 ~ e + H2(V,J) + hv, ( 1 -2) 

and is detailed in Fig. 1-6 for several possible final states. After 

the radiative decay, the molecule can be left in a vibrationally and 
Q 

rotationally excited state.28 Other mechanisms for populating the 

higher vibrational levels include wall neutralization of molecular 

ions30 and recombinative desorption.31 •32 

The requirement for fast or primary electrons to populate 

high vibrational states is at odds with the high destruction cross 

section for negative ions interacting with fast electrons.33 To 

increase the negative ion production efficiency, volume sources use 

1 1 
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a two-region plasma. The first region, which contains the electron 

emitter, has a relatively high electron temperature and an 

energetic nonthermal component of electrons that is favorable for 

production of vibrationally excited molecules. The second region, 

where negative ion extraction takes place, has a low electron 

temperature (T e < 1 eV) which is favorable for dissociative 

attachment. How this is achieved in practice is detailed in a later 

section. 

Volume'sources using the two region or tandem geometry 

(Fig. 1-7, from ref. 25) are being intensively developed in many 

laboratories, such as the Lawrence Berkeley Laboratory, Culham 

Laboratory (U.K.), and the Japan Atomic Energy Research Institute 

. (JAERI). Improvements in achievable current density have made 

this negative ion source the most suitable for fusion applications. 

No cesium is required for ion source operation, and the ion energy 

spread from these sources is theoretically very low. A drawback is 

the large gas consumption of these sources, which can reduce 

negative ion output through stripping of the negative ions in the 

accelerator .. 

The -Filtered Multicusp Ion Source 

The filtered multicusp ion source creates a quiescent 

plasma34 that is largely magnetic field free35 (Fig. 1-8) and has. 

two regions of differing electron temperature to maximize volume 

negative ion production. 22.23 Primary electrons are emitted from a 

hot tungsten or lanthanum hexaboride (LaB6 ) cathode which is 

placed in a region of low magnetic field. These primary electrons 

1 3 
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Fig. 1-8 A Computer Plot of the Magnetic Field Produced by the 

Multicusp Magnets Surrounding the Ion Source. The Upper 

Half Plot Shows the Field Lines (1, 3, 10, 30 gauss-cm), 

and .the Lower Half Plot Shows the Field Intensity 

Contours (1, 3, 10, 30, 100, 300 Gauss). 
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gain energy in the cathode sheath and make ionizing collisions in 

the volume of the discharge. The multicusp magnets surrounding 

the ion source serve to reflect electrons back into the plasma thus 

randomizing the velocity distribution of the primary electrons and 

increasing the efficiency of the discharge. Losses are largely 

confined to the cusp lines where the electrons are subject to 

mirror like confinement. Thus, the multicusp configuration is well 

suited to generating large volumes of moderate density quiescent 

plasma. 

In order to create the two-temperature or tandem discharge 

geometry, some way of excluding high energy or primary electrons 

from the low electron temperature region must be found. A simple 

but effective technique is to separate the high and low temperature 

regions with a localized transverse magnetic field strong enough to 

make the primary electron gyroradius small compared to the 

transverse width of the magnetic field. A strong transverse field 

makes the electron thermal conductivity across the field extremely 

small. This provides a form of insulation between the hot region, 

where the cathode is located, and the cold region where negative 

ions are extracted. Therefore, the filter is a mechanism for 

sustaining a two-temperature plas.ma, where the second region has 

an electron temperature of about 1 eV or less.36 

The geometry of the filtered multicusp source is detailed in 

Fig. 1-7. As previously mentioned, the first region contains the 

cathode in a relatively magnetic-field-free region, while the entire 

ion source wall serves as anode for the discharge. The primary 

electrons emitted by the cathode are well confined in the first 
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region, howeyer, ions, low energy electrons, and neutrals including 

vibrationally excited molecules can diffuse into the second or 

extraction region. In the extraction region, the low electron 

temperature and the availability of vibrationally excited molecules 

from the first region contribute to substantially enhanced negative 

ion production over comparable single chamber systems.22 In 

addition, the low electron temperature in the extraction region 

results in a lower plasma potential, which aids negative ion 

extraction.37 The filter itself can be realized in a number of ways. 

One method is the use of filter rods in which permanent magnets 

are placed (as shown in Fig. 1-7). The plasma electrode is an 

electrically independent element which is usually biased very close 

to the anode potential. Biasing this surface affects electron and 

ion transport across the filter and as such is a useful tool in 

optimizing negative ion production. 

Obviously there are a great number of design variables 

involved in developing the full potential of these ion sources. Much 

of the research in developing and optimizing the filtered multicusp 

source has been empirical. This is due to the difficulty in 

attempting to accurately model all of the processes relevant to 

negative ion production, especially when not all of the necessary 

atomic physics data are availab1e. However, attempts to model the 

filtered multicusp geometry have rapidly improved over the. past 

ten years. Most notable is the work of Hiskes,22.23 who has 

provided theoretical estimates of attainable negative ion current 

density and optimal extraction chamber lengths for H- ion sources. 
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Scope of This Thesis 

This thesis presents both experimental and theoretical work 

concerning negative ion production and extraction from a filtered 

multicusp ion source. Chapter 2 details a theoretical model for 

production of Li- and Li2 in the multicusp geometry. Parameter 

scalings for both of these species are presented. In the case of Li2 

production, nonuniform lithium evaporation is shown to be the 

dominant production process. Chapter 3 provides experimental 

results for production of Lt. These results are compared to the 

model of chapter 2 and show that there is substantial. room for 

improvement in the Li- current density produced by this source. An 

upgraded version of the Li- ion source is proposed on the basis of 

this work. One possible use for this source is a magnetic pitch 

angle diagnostic for the International Thermonuclear Experimental 

Reactor (ITER), which is described in chapter 4. This proposed 

diagnostic uses a high energy Lio beam and is based on the Li- ion 

source of chapter 3. Measurements of magnetic pitch angle, in situ 

and spatially resolved, could be achieved during a single pulse. 

Chapters 5 & 6 detail experiments on impurity seeding of hydrogen 

plasmas in order to improve the H- current density that can be 

extracted from a multicusp source. Xenon, cesium, and barium are 

used as the impurities. In the case of cesium and barium, 

substantial evidence is presented for a new type of surface H

production without the use of a converter. High power pulsed 

operation of a cesium-seeded hydrogen discharge is also detailed. 

A conclusion and summary of results is given in chapter 7. The 
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future role of converterless surface production in negative ion 

sources is also discussed . 
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Chapter 2 Theory - The Lithium Ion Source Model 

Introduction 

High energy beams (> 500 keV) of lithium atoms are of 

interest for fusion plasma heating38 and for plasma diagnostics. 

At present. the principal interest is for the diagnostic 

applications. which require much smaller beam currents than those 

needed for neutral beam heating. Diagnostic uses for lithium 

beams include in situ measurements of magnetic field. magnetic 

pitch angle; and current density in a tokamak. These measurements 

have already been demonstrated on the Texas EXperimental 

Tokamak (TEXT) with a positive ion based system at low energies 

(-100 keV).39 It has also been proposed to use a neutral lithium 

beam to measure the velocity distribution of fast confined fusion 

alpha particles.2 

A great deal of work. as noted in chapter 1. has been devoted 

to H- (D-) ion source development and relevant atomic processes. 

Due to the similarity of the H- and U- systems. it is assumed that 

the relevant H- atomic physics can be adapted to the Li- system. 

An important difference is the ratio of atoms to molecules in the 

ion source. In a H- ion source, H atoms are assumed to be a small 

but important fraction of the neutral species. In a Li- ion source, 

it is the Li2 molecules which are in the minority, because of the 

small binding energy of the Li2 molecules (1.06 eV). The dimer 

molecules are important, since H- and Li- ions are believed to be 

formed predominantly by dissociative attachment:22 ·25 
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(2-1 ) 

(2-2) 

where X(v·) denotes a vibrationally excited molecule. The lack of 

Li2 molecules in equilibrium makes Li- production difficult. 

Nonequilibrium situations, such as supersonic expansion through a 

nozzle, can be used to increase the dimer fraction in a Li- ion 

source however. 

To model the filtered multicusp ion source for the case of a 

lithium discharge, a rate equation approach similar to that of 

McGeoch and Schlier40 will be taken. However, the dimer fraction 

will be inferred from experimental measurements, eand modeled 

separately in a later section. The electron collisional detachment. 

process will be included, and a two-chamber system modeled 

rather than a single discharge region. With. these alterations, the 

Lie ion density and extracted current will be modeled for various 

discharge conditions. 

lithium Ion Source Model - First Chamber 

As in the case for a hydrogen discharge, the first chamber 

contains the filament and hence high energy electrons, which are 

necessary for ionization and vibrational excitation. Therefore this 

chamber also has a relatively high electron temperature (T e). 

Production of Li2(v*) is assumed to be predominantly via electron 

collisions. 
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(2-3) 

Wadehra and Michels have analyzed this process and find that 

electron energies of 1.8 < £ < 2.5 eV should be suitable for 

populating high vibrational states.29 To model this process, 100/0 of 

the electron population in the first chamber are assumed to be in 

this energy range, an assumption also made by McGeoch and Schlier. 

With this, reaction (2-3) is calculated to proceed with a rate 

constant of ke = 1.2x10-8 cm3 s-1 for all electrons. Calculation of 

the rate constants is detailed in Appendix I. 

Li2(v*) is lost through wall collisions at a rate n, which is 

dependent on the ion source geometry, but for comparison with 

later experimental results it is calculated to have a value of 1 x1 05 

s-1. Wall collisions are assumed to completely de-excite Li2(v*), 

since the sticking coefficient for lithium on surfaces is 

approximately unity by analogy with sodium41 , as was assumed by 

McGeoch and Schlier in ref. 43. De-excitation via atomic lithium 

collisions proceeds as: 

(2-4) 

with a rate constant kR of 5x10- 10 cm3 s- 1.42 

Li- ions are created via dissociative attachment as 

illustrated in equation (2-2). This process has a 'rate constant' ko 

of 2x10- 8 cm3 s- 1 for low energy electrons. 43 The fraction of 

electrons with low energy, suitable for dissociative attachment, In 
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the first chamber is designated 81. 81 is calculated by integrating 

a maxwellian electron distribution, with temperature Te , from zero 

energy up to a limiting energy where ko becomes small by analogy 

to hydrogen. 

U- i.ons are lost by mutual neutralization 

U- + U+ -+ 2Li, (2-5) 

and electron collisional detachment: 

Li- + e- -+ Li + 2e- . (2-6) 

Mutual neutralization proceeds with a rate constant kM of 1 .5x1 0- 7 

cm 3s- 1.44 Detachment proceeds with a 'rate constant' kd of 

2. 7x 10-6 cm3s- 1 for electrons with energies of 5 eV or greater.45 

The fraction of electrons with these energies in the first chamber 

is designated f1. As in the case for vibrational excitation, f1 is 

given an assumed value, since the confinement time of fast 

electrons is not well understood. Li- ions are electrostaticaliy 

confined by the positive plasma potential, and so are not lost via 

wall collisions. U- ions do, however, undergo charge exchange 

with atomic lithium: 

U- + Li -+ U + U- (2-7) 

This process can act to cool the ions, and thus reduce their average 

speed. The cross section for this reaction is unknown at thermal 
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energies, so the importance of reaction (2-7) cannot be evaluated. 

However, H- ion beams are known to have random (or thermal) 

energies well above theoretical values when the equivalent 

reaction to (2-7) is significant for hydrogen. The negative ions 

created in the extraction region can gain random energy through 

several mechanisms, such as collisions with ions, locally varying 

plasma potentials due to the magnetic field of the filter, or poorly 

optimized extraction from the ion source. These higher H- ion 

energies are similar to the energies of the positive hydrogen ions 

in the discharge. Thus, for simplicity it will be assumed that the 

Li- ions have the same transverse energy as do Li+ ions. 

Using the rate constants for the above processes, rate 

equations for the Li2(V*) and Lr densities can be formulated. The 

neutral atomic and molecular lithium, Li2(v*), electron, and Li

densities are represented by n1, n2, n2*, ne, and n- respectively. 

For the vibrationally excited lithium molecules, a rate equation can 

be stated as, 

(2-8) 

while for negative lithium ions the equation becomes: 

(2-9) 

In equation 2-9 the positive ion density (n+) is given by (n- + ne) 

through charge neutrality. 
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In steady-state operation, the time derivatives vanish and 

the equations can be solved for n2* in terms of n1, n2, ne, and 51; 

and for n- in terms of ne, n2*, f1, and 51. Solving for n2*, one 

arrives at: 

For n-, the following equation is obtained: 

where A = (1 + kdf1/kM). To calculate the extractable Li- ion 

current density (J-), the average velocity (~ of the Li- ions 

(calculated in Appendix 1) is used: 

(2-10) 

(2-11) 

(2-12) 

where q is the electronic charge. These equations apply for a 

single chamber discharge. 

lithium Ion Source Model - Second or Extraction Chamber 

The extraction chamber has a fundamental difference when 

compared to the first chamber, and that is the relative absence of 

energetic electrons. Measured electron temperatures in this region 

are quite low,37 low enough to make rates of excitation, ionization, 

and detachment by electron impact negligible. In· this chamber, the 

fast electron fraction is effectively zero. The rate equations for 
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the second chamber are essentially the same as for the first 

chamber, with a few modifications. These include setting ke and f1 

to zero (no energetic electrons), and allowing the plasma density 

and electron temperature to change from their first chamber 

values. This approach is similar to, .but less sophisticated, than 

the model developed by Hiskes22•23 for modeling H- ion sources. 

Since there is no volume source term for Li2(v*), the rate equation 

can be written as: 

(2-13) 

where S2 is the fraction of the electron population with energies 

low enough for dissociative attachment. This results in an 

exponentially decaying n2* population. Let V2* be the average 

velocity of the excited molecules. By dividing both sides of 

equation (2-13) by V2*, an axial (z) dependence of n2* can be 

determined. 

In equation (2-16), z=O represents the plane of the magnetic filter, 

and n2 *(0) is the bulk density at the edge of the filter in the first 

chamber. This is an approximation, since one does not expect a 

26 

",. 



spatially uniform density of Li2(V*) in the first cham,ber. For a 

given extraction chamber length, an average value of n2* can be 

calculated. This is given by: 

(2-17) 

where r is (krn1 + koneS2 + Q)/V2*, and Zmax is the length of the 

extraction region of the ion source. The negative ion density can 

now be solved to obtain: 

(2-18) 

where ne is the electron density in the extraction region. These 

equations may now be used to calculate the extractable negative 

ion current from a discharge under a variety of conditions. The 

required input data are the atomic and molecular neutral densities 

and temperatures, plasma density in both regions, and electron 

temperature in both regions. In the next section, the single and 

tandem discharge systems will be compared and the effect of 

various discharge parameters on U- output will be explored. 

Results for the lithium Ion Source Model 

The equations of the previous section were solved to yield 

extracted current densities for both the single and two chamber 

(tandem) systems. As noted above, plasma density and T e for both 

chambers must be known in order to evaluate the equations. It has 

been observed experimentally that the plasma density in the 
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extraction chamber is approximately a factor of five lower than in 

the first chamber for an ion source with a strong magnetic filter.46 

Therefore, only one plasma density needs to be specified. A first 

chamber electron density of 1012 cm-3 is assumed for most of the 

calculations. The measured electron temperatures of a low power 

filtered multicusp ion source, 1.4 eV in the first chamber and 0.35 

eV in the second chamber, operating with hydrogen, are used as 

representative val ues. 37 

Other data needed to complete the solution are the neutral 

atomic lithium density (taken as 1015 cm-3 here), the percentage 

of lithium molecules in the neutral population (taken as 10% and 

further detailed in a later section), the wall temperature (taken 

from experimental data as. 7000K and used for neutral velocity 

calculations), and the extraction chamber length (taken as 4 mm 

and used in experiments). With a complete set of data, the scaling 

of U- current density with various parameters can be evaluated. 

This information provides clues to optimizing. the U- output from 

the source. 

One of the most important parameters to ion source operation 

is the electron density in the source, since it roughly scales with 

the discharge power. In order to achieve the necessary current 

densities for fusion applications, ion sources will be scaled up in 

power density, with hopefully corresponding increases in negative 

ion density. Therefore, it is important to evaluate the scaling of 

current density with the electron density. Fig. 2-1 is a graph of 

the U- current density as a function of the electron density in the 

first chamber (ne1). The second chamber electron density (ne2) is, 
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as previously mentioned, taken to be ne1/S. Over the range of 

densities plotted, the Li- current density for both single and two 

chamber systems scales directly with electron density. Only when 

the negative ion loss terms, such as mutual neutralization, become 

comparable to the dissociative attachment term, will the scaling 

saturate. Saturation is hinted at in Fig. 2-1 by a very slight droop 

in the current density plot at the highest electron densities. That 

is due to the onset of mutual neutralization, and will ultimately 

cause the current density to saturate, but at extreme electron 

densities. The plasma density scaling seems very favorable. 

However it should be noted that high density plasmas tend to also 

have high rates of dissociation, which could reduce the molecular 

fraction, assumed constant at 10%
• 

The fraction of Li2 in the neutral population is expected to be 

the most critical parameter in the lithium ion source. In 

equilibrium, the fraction of Li2 in lithium vapor is very small 

(typically one percent or less). In nonequilibrium evaporation or 

supersonic expansion, the percentage of molecules can be very high 

(greater than ten percent).47 Fig. 2-2 is a plot of the Li- current 

density as a function of the molecular fraction. As expected, the 

current density for both the single and two chamber systems 

increases with the percentage of Li2 in the ion source. The single 

. chamber system exhibits a linear relationship with the molecular 

percentage, while the two chamber system encounters a slight 

saturation effect as higher percentages are reached. However, 

these higher percentages are unlikely to be achieved in a steady

state system. 
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An experimental variable that is relatively easy to control is 

the gas density in the source. Low gas densities are preferred, in 

order to reduce stripping of the negative ions outside of the source 

and in the accelerator. Unfortunately, best results in terms of 

current density are usually obtained with high gas densities in the 

ion source. The extracted current density as a function of the 

atomic lithium density is plotted in Fig. 2-3. The behavior of the 

single and two chamber systems are distinctly different as the 

density is increased.· The single chamber system current density 

initially increases rapidly until saturation sets in at about 5x1 014 

cm-3 . Saturation is due to the de-excitation of the molecules by 

collisions with atoms. Likewise, the two chamber system output 

decreases quickly after peaking at about 5x1014 cm-3 . Since the 

electron density is lower in the second chamber, the atomic de

excitation rate rapidly eclipses the dissociative attachment rate 

as the neutral density is increased. This effect is amplified in the 

two chamber system due to the exponential decay of the excited 

molecule population with distance from the filter. 

To emphasize that last point, the current density as a 

function of the extraction chamber length is plotted in Fig. 2-4. 

The current density decays roughly exponentially due to the 

exponential decrease in Li2(v*) with distance from the midplane of 

the magnetic filter. This plot would imply that the optimal 

extraction chamber length should be zero. In practical terms, the 

effect of the fringing magnetic filter field on negative ion 

extraction limits how short this length can be. 
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The second chamber electron temperature is also an 

important parameter for negative ion production in the two 

chamber system. Although the measured T e is very low for strongly 

filtered systems (0.35 eV), Fig. 2-5 shows that further decreases 

in T e could provide substantial increases in Li- current density. 

The increase is due to the peaking of the dissociative attachment 

cross section for very low energy electrons. If Ta is allowed to 

increase, a steady drop in current density results. The first 

chamber electron temperature only affects the two chamber 

system output by changing the negative ion temperature in the 

second chamber. However, the single chamber system current 

density will decrease substantially for tiigher T a, due to fewer 

electrons of the proper energy for dissociative attachment, and 

increased electron collisional detachment of Li-. 

These results show the advantage of the two chamber system 

versus a single chamber discharge. Higher current densities are 

obtained by the tandem system because there is no loss of Li- by 

electron collisional detachment. As expected, the electron density , 

molecular fraction, and second chamber electron temperature are 

extremely important parameters. 80th the electron density and 

molecular fraction should be increased as much as possible. The 

second chamber T a should be minimized,which can be accomplished 

with a stronger filter, but at a cost of some electron density in the 

second chamber. The use of a tandem discharge configuration also 

allows a lower optimum pressure than a single chamber discharge, 

which becomes important when stripping of the negative ion beam 

outside of the source is considered. 
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In addition to negative ion current density, the number of 

electrons extracted from the ion source is of considerable 

importance. These electrons increase the requirements on 

extraction and acceleration power supplies, cause stripping of the 

beam, add to space charge in the beam, create additional heat 

loading on the extraction and acceleration electrodes, and can 

increase voltage breakdown problems in high voltage structures. 

Therefore, the extracted electron current should be reduced as 

much as possible. The tandem geometry provides a large 

improvement over the single chamber system in this respect as 

well. Not only is the electron density in the extraction region 

substantially reduced, but the T 9 of these electrons is also much 

lower. This results in about an order of magnitude reduction in the 

extracted electron current density for the tandem configuration. 

Useful U- current densities appear achievable with the 

tandem discharge geometry. In contrast to the result given by 

McGeoch and Schlier of 0.026 mAlcm2 for a single chamber 

discharge (with low molecular fraction), current densities of 

several mA/cm2 can be produced i~ the optimized two chamber ion 

source. The most critical factor in these calculations has been the 

assumption of a relatively high molecular fraction -10%, which 

was inferred from experimental observations.48 The following 

section will model the Li2 s,urface formation process in order to 

determine how molecules are predominantly formed and whether 

the 10% figure can be explained and possibly improved. 
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Model for Pi mer (LiZ) Formation in the Ion Source 

Previous results show the importance of achieving a high 

dimer fraction of the neutral species in the ion source. For lithium 

vapor in thermal equilibrium, dimer fractions are limited to less 

than two percent for vapor pressures of interest.49 The dimer 

fraction increases with evaporation rate, i. e. the liquid surface 

temperature, but a practical limit is reached when Li- ion stripping 

by neutral particle collisions becomes significant. Source 

pressures greater than 0.1 Torr are thus not feasible. IncreaSing 

the dimer fraction will therefore require a nonequilibrium approach 

to dimer formation. 

There are several methods to create high dimer fractions in 

alkali metal vapors. One of the most well known is to. use a high 

temperature oven to produce a vapor at high pressure which is 

expanded through a supersonic nozzle, the approach advocated by 

McGeoch and Schlier.4o The drawback to this method is that the 

lithium vapor makes only one pass through the ion source before it 

must be collected and piped back to the oven. This makes for a . . 

complicated arrangement, particularly if the source is to operate 

steady state for long periods of time. An alternative method, 

which does not require the use of an external oven, is to allow 

lithium evaporation from a very restricted area of the wall of the 

ion source. 

If the temperature of the ion source wall is allowed to vary 

significantly with pOSition, the local evaporation rate will also 

vary strongly with position. Thus, the effective area for lithium 
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evaporation can be greatly reduced by making most of the ion 

source wall relatively cold (T wall < 7S0 0 K). The local rate of 

evaporation of the hotter regions of the wall must be increased to 

compensate, since all surfaces contribute to lithium condensation. 

A high local evaporation 'rate is conducive to' higher rates of dimer 

formation. The picture of the source now is one where most of the 

wall is cold and acts as a sink for lithium vapor. The lithium 

condensate moves to a hotter region where it evaporates under 

conditions favorable for dimer formation. 

There are two mechanisms to passively transport the lithium 

condensate to the hot region. One is to use gravity to move a thin 

(< 10-4 m) film of condensate to the bottom of the ion source 

where a hot region is located. The second is to use the natural 

tendency of lithium adsorbates (submonolayer) to spread out in 

order to minimize surface concentration.5o However, this second 

approach is unlikely to be feasible since the colder walls of the ion 

source will undoubtedly have a multiple monolayer (ML) lithium 

coverage due to the high rate of condensation. Hence, transport via 

. gravity of a thin film of lithium condensate is the mechanism 

assumed here. 

To model this situation, a small fraction (13) of the ion source 

wall area will be assumed hot and the rest relatively cold. The 

cold region has a negligibly small evaporation rate, but lithium 

condenses on these surfaces and is transported to the hot region. 

The hot region is where the vast majority of lithium is vaporized 

due to higher temperatures. Since the sticking coefficient of 

lithium is approximately unity, any lithium atom or molecule which 
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collides with a wall surface is removed from the vapor phase. 

Steady state operation requires that the rate of condensation on all 

wall surfaces be balanced by evaporation from the hot region. This 

section develops rate equations for these processes with the goal 

of finding a practical way of significantly enhancing the dimer 

fraction in the ion source. 

To determine the condensation rate, the neutral species will 

be assumed to have a maxwellian velocity distribution at a gas 

temperature equal to the temperature of the hot wall surface, 

while the gas density is left as a free variable to be given later. 

The gas temperature may be modified by evaporative cooling, 

collisions with the hot filament surface, and collisions with the 

plasma electrons and ions. However, the use of the hot wall 

temperature seems both reasonable and convenient,· since wall 

collisions are dominant compared to any other dimer collision 

process. The rate of condensation can then be given as: 

(2-19) 

where V1 is the average velocity of the lithium atoms, V2 the 

average velocity of the dimers, and A is the wall area of the ion 

source. 

The rate of atomic desorption is given by:51 

(2-20) 

where K1 is a rate constant and m is the surface concentration of 

40 



lithium atoms. K1 is approximately given by: 

K1 = (21tkT/h)exp(-Ea/kT), (2-21) 

where k is Boltzmann's constant, h is Planck's constant, and Ea is 

the adsorption energy of a lithium atom on the wall surface. The 

molecular desorption rate (in atoms) is given by:51 

(2-22) 

where K2 is given by : 

where 52 is the molecular sticking coefficient (also unity), M is 

the atomic mass of lithium, and P1 and P2 are the equilibrium 

partial pressures of the atomic and molecular vapor respectively. 

In order to evaluate these expressions, values for Ea, P1, P2, 

and m are required. Ea is a function of m in the low coverage limit 

and has been measured for lithium on tungsten,52 since no other 

similar data are available, a tungsten wall surface will be modeled 

in all calculations. Values of P1 and P2 have been tabulated as a 

function of temperature.49 Given this information, the atomic and 

molecular desorption rates can be calculated. The dimer fraction 

of the ion source will be evaluated as a function of the temperature 

of the hot wall surface, its fractional area (13), and the neutral 

density in the ion source. The surface coverage is iterated until 
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the rates of adsorption (condensation) and desorption (evaporation) 

are equal. 

Fig. 2-6 is a graph of the adsorption energy (Ea) of lithium on 

a (110) tungsten surface as a function of lithium coverage (from 

Ref. 52). This dependence of Ea on surface coverage is extremely 

important. At coverages of about one ML, the adsorption energy is 

significantly lower than the energy required for evaporation from a 

pure lithium surface (-1.61 eV).49 Since dimer desorption is very 

sensitive to this energy, a lithium on tungsten surface can provide 

a substantial enhancement in dimer production over a pure lithium 

substrate. In order to calculate results at high coverages, Ea is 

assumed to be at a minimum at 1.2 ML.Although there is no data 

for coverages above 1.2 ML, it is reasonable to assume a minimum 

somewhere at or above 1.2 ML. since this approaches the pure 

lithium case which has a higher Ea of -1.6 eV. 

The (110) surface of tungsten was used in these calculations 

since it had the lowest adsorption energy measured. A 

polycrystalline surface is the most common experimentally, and 

wiJl have a variety of crystal planes exposed. However, the use of 

the (110) surface is justifiable because the surface with the 

lowest Ea will have the largest evaporation rate and hence the most 

influence on desorption characteristics. The important variable to 

be minimized though, is (Ea/kT), as can be seen in equation (2-23). 

So, the adsorption energy must be minimized at the maximum 

possible temperature. 
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Results for the pimer Model 

Fig. 2-7 is a plot of the percentage of lithium evaporating in 

the form of molecules, as a function of the temperature of the hot 

wall area. The source density (both atoms and molecules) was 

maintained at 1015 cm-3. The upper curve (area variable) was 

calculated with B varied to achieve the maximum dimer fraction. B 

was given a lower limit of 0.10;0 as a matter of practicality. Lower 

values would be extremely difficult to achieve experimentally. The 

optimum fractional area ranged from 0.1 % to 40/0, with the lower 

temperature points requiring a larger B for evaporation to offset 

the lower evaporation rates. Without the lower bound on B, the 

dimer output would increase continuously with higher temperature 

as expected. The lower bound however, causes the dimer output to 

drop at higher temperatures due to a higher Ea caused by low 

lithium coverage (see Fig. 2-6). The best results of -40% were 

obtained at a temperature of 11000K. 

The lower curve (area fixed) represents the results obtained 

when all temperatures are constrained to have a B of 5%. The 

dimer yield goes down with temperature due to low surface 

coverage of lithium. For this curve, 9000K is optimal with a dimer 

fraction of over 180/0. Lower temperatures would not improve this 

figure since the 9000K point is already at the minimum of the Ea 

curve. 

The variation of the dimer fraction as a function of the ion 

source density is shown in Fig. 2-8 for a temperature of 11000K. 

Again, the upper curve (variable area) is calculated with f3 

44 



In 
Q) -::l 
0 
Q) -0 
:E 
.-
..J 

.... 
0 

~ 0 

i: ~::: 

40 ~ i 

30 I / 4 \. 
t Area Variable 

20 

10 I . '4 Area Fixed 

I o • • • I 
800 900 1 000 11 00 1200 1300 1400 1500 

Temperature (OK) XBL 8~1-266 

Fig. 2-7 A Plot of the Percentage of Lithium Evaporating as Molecules vs. the Temperature 
of the Hot Wall Area for the Cases of Fixed and Variable Wall Area 

.f::o. 
01 



tn 
Q) -:J 
0 
Q) -0 
:: 
0-

-I 

~ 0 

50 
I 

40 . 
¥ Variable Area 

30 

20 
• • ~ 

~ Fixed Area 

10 

0 
0 1 2 3 4 5 6 

Lithium De~sity (x 10 15 em -3 ) XBL891-267 

Fig. 2-8 A Plot of the Percentage of Lithium Evaporating as Molecules vs. the Neutral Atomic 
Lithium Density in the Ion Source 

... «: 

~ 
m 



optimized, but subject to the 0.1 % lower bound. As the density 

increases, so does the dimer fraction until the surface coverage 

reaches 1.2 ML. At this coverage Ea is minimized, and no further 

improvement in dimer fraction can be achieved at this temperature. 

The lower curve (8 of 0.5%) has a similar behavior, only the surface 

coverage limit is not reached until the source density reaches 

5x 1015 cm-3 . This result points to operating the source at high 

neutral. densities for high dimer output, as noted earlier for pure 

lithium. 

Fig. 2-9 is a plot of the dimer fraction as a function of 8 for 

a temperature of 11000K and a source density of 1015 cm-3 .. The 

dimer output is a steep function of 8. Fig. 2-10, which is a graph 

of the lithium coverage as a function of 8 for the same conditions, 

shows that for a larger 8 the lithium coverage is reduced. Lower 

coverages increase Ea and decrease the dimer output in turn, so the 

8 dependence of Fig. 2-9 is really due to the change in Ea. 

These results indicate that the optimal situation is to 

minimize 8, and use the highest temperature that maintains at 

least one ML coverage of lit~ium on the tungsten surface. Even if a 

8 of 0.1 % is impractical, 5% provides a dimer fraction (18%) that is 

much larger than a similar equilibrium case. Dimer fractions of 

greater than 10% seem feasible without exotic lithium plumbing 

and at reasonable source neutral densities. It should be noted that 

these calculations represent only the atoms and molecules leaving 

the wall surface, once in the discharge dissociation will tend to 

reduce the steady state dimer fraction. However, this effect is not 

expected to be large, since the dimer lifetime due to wall 
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collisi.ons is extremely short. In fact, wall loss of dimers 

dominates all other losses in a small ion source with a moderate 

plasma density by orders of magnitude. 

Summary 

This chapter has presented a model for how both U- and U2 

are formed in the ion source, and calculated how experimental 

parameters can be optimized to achieve the best results. The use 

of a tandem discharge geometry has been shown to provide a 

significant improvement in U- output versus a single chamber 

discharge. To obtain high current densities of U-, increasing the 

plasma density and dimer fraction are of fundamental importance. 

The calculated current density scales almost directly with both 

parameters. The source neutral density clearly has an optimum, 

which is governed by collisional de-excitation of U2 (v*) by atoms. 

Densities at or below 1015 cm-3 are most appropriate. In the 

extraction chamber, as short a length as practical is best along 

with as low of an electron temperature as possible. This result is 

similar fo that obtained by Hiskes for H- ion sources.23 The model 

predicts that current densities of several mAlcm2 should be 

-achievable with plasma densities in the mid 1012 cm-3 range. 

Implicit in most of the results of the ion source model was a 

fairly high dimer fraction (ten percent). The results of the. dimer 

formation model show that this figure is not unreasonable and may 

be improved. High dimer fractions (up to forty percent) are 

obtainable with very localized evaporation from a hot tungsten 

surface coated with lithium. Best results are achieved when only a 
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very small fraction of the ion source wall is 'hot', the rest being at 

a relatively cool temperature (T wall < 7S00K). Hot wall 

temperatures in the range of 900 to 13000 K appear feasible, with 

hotter temperatures favored if at least a monolayer coverage of 

lithium can be maintained on the surface. This improvement, when 

compared to pure lithium, stems from the lower adsorption energy 

of a lithium atom on a lithium coated tungsten surface and the 

nonuniform evaporation. 

These. results show that a modest ion source design should be 

able to provide current densities appropriate for fusion diagnostic 

purposes. Scale-up in density and further improvements in the 

dimer fraction may allow consideration of Li- ion beams as 

alternatives to D- for generating neutral beams for heating and 

current drive in tokamaks. 
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Chapter 3 Li- Ion Source - Design and Experiments 

Ion Source Design and Operation 

The motivation for this experiment was not to test the 

theoretical model developed in chapter 2, but to provide a proof of 

principle test of volume Li- production in a plasma discharge. In 

fact, the model was developed long after the experiment was 

completed. Volume Li- ion production by optically exciting high 

vibrational states in Li2 molecules, which subsequently 

dissociatively attach to low energy electrons produced by 

photoionization, has been demonstrated by McGeoch and Schlier.4o 

However, it is much more economical to produce Li- ions in a 

discharge, since the efficiency of electron impact excitation or 

ionization is much higher than that of corresponding photon 

processes, assuming the required cw lasers existed for this 

purpose. Demonstration of current densities in the mAlcm2 range 

would be required for diagnostic purposes, and this experiment will 

determine if this is feasible. 

The first consideration is' how to provide lithium for ion 

source operation. Most experiments involving lithium vapor use a 

high temperature (>1 OOOOK) oven with a hot (>11 OOOK) transfer 

tube to move lithium to the region of interest. However, designing 

and building a lithium oven and transport system is a project in 

itself and introduces additional complexity to the operation of the 

ion source. To avoid these difficulties initial experiment.s used 

solid lithium, which was placed inside the ion source prior to 

operation. 

52 



A lithium discharge was initiated by using a low power argon 

discharge to heat the ion source wall, which evaporated some of 

the lithium. Once in the vapor phase, lithium completely dominated 

the ion species in the discharge and the argon gas was removed. 

Although a pure lithium discharge can be achieved in this manner, 

there is a time dependence to the neutral density in the ion source. 

Lithium vapor can escape through the extraction aperture and leave 

the ion source, or find a cold spot on the ion source wall and 

condense in solid form. Thus, the neutral lithium density in the 

source will decrease with time. 

An important issue when using alkali metals at elevated 

temperature is materials compatibility. Lithium at high 

temperatures reacts with several common materials used in ion 

sources. Copper and most metal oxide ceramics react strongly 

with lithium, so the ion source design should reflect that. Covering 

the standard copper wall surface with refractory metals such as 

molybdenum and tantalum provided for reliable operation at any 

temperature used. Insulating surfaces posed a more difficult 

problem, since the most common high temperature insulators are 

metal oxide ceramics. Use of a non-oxide ceramic, such as boron 

nitride (BN), was essential to maintain both the structural 

integrity and insulating qualities of the ceramic. Only BN 

insulators were used in the ion source for this reason. 

The design of the ion source is very similar to multicusp H

ion sources but smaller. The reason for using a small ion source is 

two-fold. First, the magnetic filter can be implemented external 

to the ion source so that filter rods are not needed. This simplifies. 
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the wall design considerably. Second, a small ion source reduces 

requirements on power supplies and simplifies fabrication. These 

advantages outweigh the disadvantages such as diagnostic access. 

The ion source is constructed of a cylindrical water-cooled 

copper chamber (2.5 cm diameter by 5 cm long) with the open end 

enclosed by a two-grid ion extraction system. A schematic 

diagram of the ion source is displayed in Fig. 3-1. The source 

chamber is surrounded externally by 16 columns of ceramic 

magnets to· form a longitudinal line-cusp configuration for primary 

electron and plasma confinement. A computer plot of the magnetic 

field. produced by the longitudinal line-cusp magnets is shown in 

Fig. 1-8. The use of 16 columns, as opposed to a smaller number, 

allows a larger 'field-free'· region (8 < 10 G) where the filament is 

placed and primary electrons are emitted. The magnet columns on 

the cylindrical wall are connected at the end flange by two rows of 

samarium cobalt magnets that are also in a line-cusp 

configuration. 

A samarium cobalt magnetic filter near the plane of 

extraction and external to the ion source divides the chamber into 

an arc discharge and an extraction region. The filter magnets 

provide a transverse magnetic field (8 ,. 250 G at the center), 

which serves to prevent energetic primary electrons from reaching 

the extraction region. However, positive ions, negative ions, and 

low energy electrons can diffuse across the filter into the 

extraction region to form a plasma there. The length of the 

extraction region from the plasma electrode to the center of the 

filter field is approximately 4 mm. 
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Inside the source chamber is a heat shield constructed of 

molybdenum sheet metal (7.6x10-3 cm thick), which forms the wall 
r' 

surface. A solid sample of lithium metal is placed in the heat 

shield and evaporates during operation due to discharge heating. In 

this manner a substantial vapor pressure of lithium is obtained, at 

which time the flow of argon support gas can be turned off and a 

self-sustained lithium plasma is produced. In rough similarity to 

the model of the previous chapter, a local hot spot is initially 

produced by the lithium sample, since it sticks into the plasma and 

is preferentially heated relative to the rest of the ion source wall. 

A two-,electrode acceleration system is attached to the open 

end of the chamber. The extraction aperture is 1 mm in diameter 

giving an extraction area of 7.85x10-3 cm2. The source and the 

first or plasma electrode are biased negative for negative ion 

extraction and positive for positive ion extraction. The second 

electrode is electrically grounded. A plasma is produced by 

primary electrons emitted by a 0.5-mm-diameter hairpin tungsten 

filament. The chamber wall, heat shield, and plasma electrode 

serve as the anode for the discharge. 

Located downstream from the second electrode is a compact 

magnetic deflection spectrometer53 for measurement of the 

positive or negative ion species in the extracted beam. In order to 

measure, the negative ion current, the electrons in the extracted 

beam are removed with a permanent magnet mass separator,37 

which generates a 8 field strong enough to remove electrons but 

does not perturb the ion trajectories significantly. The electrons 

~are collected on ridged graphite plates in the mass separator and 
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the current is measured. The remaining beam, composed solely of 

negative ions, is collected in a Faraday cup. This arrangement, 

schematically represented in Fig. 3-1, provides the total negative 

ion current and the ratio of extracted electrons to negative ions. 

Although it would be advantageous to have included a 

Langmuir probe in the source design, reliable probe operation in a 

lithium vapor environment would be extremely difficult to achieve, 

even if access for a probe were available. Lithium would condense 

on the insulating surface of the probe causing a substantial change 

in collection area, or shorting to the outer conductor. Also, the 

fabrication of a probe without using metal oxide ceramics is both 

more difficult and expensive, since suitable BN tubing is not 

commercially available. Additionally, the small size of the ion 

source makes the believability of the resulting data dubious, since 

the probe is likely to significantly perturb the small plasma 

volume. This is especially true when one considers the probe as 

both a source and a sink for neutral lithium depending on the 

temperatures of the probe, insulator, and outer conductor. 

Experimental Measurements for Discharge Evaporation of Lithium 

1. Dimer Fraction in the Discharge 

The ion source was operated with an arc voltage of 40 V and 

an arc current of 4 A as typical discharge parameters. The mass 

spectrometer was used to measure both the positive and negative 

extracted ion species. Fig. 3-2(a) shows the mass spectrometer 

output signal for the positive extracted ion beam. 

Li2 + are present in the beam, with 7Li+ composing -81 % of the 
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Fig. 3-2 Mass Spectrometer Traces Showing (a) the Positive Ion Species 

and (b) the Negative Ion Species in the Extracted Beam 
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beam current. The small peak at mass 13 is presumably Li2 + ions 

formed by the combination of 6Li and 7Li atoms. The ratio of 6Li+ 

to 7Li+ ions is exactly that of the natural isotopic mix of lithium. 

Using this information, the dimer fraction in the ion source 

can be estimated. Li2 + ions compose "'12.30/0 'of the total lithium 

positive ion current. To calculate the corresponding ion fraction in 

the ion source, the velocity difference between atomic and 

molecular ions in the beam must be taken into account. . Li2 + ions in 

the beam have a velocity that is 2- 1/2 that of 7Li+, hence the 

percentage of Li2 + ions in the ion source is 21/2 times that in the 

beam or 18.40/0. To infer the neutral species ratio from this, the 

difference of ionization cross sections must be accounted for. 

Unfortunately, the electron impact ionization cross section for Li2 

is not known. However, an estimate can be made using hydrogen 

data, since only the ratio of the atomic to molecular ionization 

cross section is needed. The lithium discharge is characterized by 

40 eV primary electrons, which perform most of the ionization. To 

translate this to the hydrogen system, a corresponding electron 

energy is given by 40 eV multiplied by the ratio of hydrogen to 

lithium ionization energies (13.6/5.4), giving an electron energy of 

-100 eV. For an electron energy of 100 eV, the ratio of atomic to 

molecular hydrogen ionization cross sections is -0.67.54 Hence, to 

infer the percentage of Li2 in the neutral species of the discharge 

the percentage of molecular ions (18.4) must be corrected for the 

larger ionization cross section of the molecules relative to the 

atoms (-0.67). This gives a value of 12.3% as the percentage of Li2 

in the neutral species in the ion source. The preceding calculation 
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is subject to some error due to using the hydrogen data to 

determine the lithium ionization cross section ratio, but this error 

should not be too large because other atomic/molecular systems 

have similar cross section ratios (0.56 for nitrogen, 0.57 for 

oxygen).54 Therefore, the use of a ten percent dimer fraction in the 

calculations of chapter 2 is experimentally justified. 

2. Neutral Lithium Density in the Ion Source 

Lithium vapor pressure is not easily measured, since most 

measurement systems cannot be maintained at a temperature 

sufficient to prevent lithium condensation. However, an estimate 

of the lithium density can be made by using a known argon density 

in the source and measuring the ratio of 7Li+ to Ar+ ion peaks. A 

small amount of argon was in the discharge, but Ar+ was not 

detected in Fig. 3-2(a), since the extraction energy was too high. If 

the extraction energy is lowered to allow the mass spectrometer 

to scan to higher masses, a small Ar+ peak is noted, which is 

approximately two percent of the 7Li+ ion peak (or 1.6% of the 

total beam), for an arc voltage of -20 V. The ionization cross 

sections for atomic lithium and argon are well known and allow an 

estimate to be made 'of the lithium density in the ion source, if the 

argon density is known. 

The argon pressure in the ion source has been measured with 

a barocell as about 5.0 mTorr without a discharge (giving a density 

of -1.6x10 14 cm-3 ). When a discharge was present, the argon flow 

rate was constant, implying that the product of argon neutral 

density and velocity is also constant. Therefore, the argon density 
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during discharge operation (wall temperature -673°K), corrected 

for the change in ion source temperature, was -1.6x1 014 cm-3 x 

(273°K/673°K)1/2, or -1.1x1014 cm-3 . 

To determine the neutral lithium density, the ratio of lithium 

to argon ionization cross sections and beam ion velocities is 

needed. For an electron energy of 20 eV (primary electron energy), 

the ratio of cross sections is 7.6.54 The velocity ratio is given by 
-

the inverse of the square root of the mass ratio. Hence, the . 
percentage of argon ions in the ion source is 1.6% x (40/7)1/2, or 

3.8%. Correcting for the ionization efficiency, the neutral argon 

percentage is 3.8 x 7.6 or -29%
• The density of lithium would then 

be 1.1 x1 014 cm-3 x 100°/01290/0 or 3.8x1 014 cm-3 , as a rough 

approximation. This value is near the optimum value calculated in 

chapter 2 (se~ Fig. 2-3). which is fortunate since there is very 

little experimental control over this parameter. 

3. Negative Ion Species and Beam Current 

Fig. 3-2(b) shows a mass spectrometer trace of the ion 

species in the extracted negative ion beam. Only U- ions (both sU

and 7U-) were detected. Under normal operation no H- or 0-

impurities were found in the extracted beam. Hence, the negative 

ion current measured by the Faraday cup was U- ions. As 

previously stated, measurements of the extracted negative ion 

current and the ratio of extracted electrons to negative ions were 

made with a permanent magnet mass separator and the Faraday cup. 

The maximum negative ion curre·nt measured was 14.9 J..l.A 

(corresponding to· a current density of 1.9 mA/cm2 ) for a discharge 
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voltage of 40 V and a discharge current of 4 A. Actual current 

densities could be higher, since no effort was made to improve the 

ion optics. 

4. Plasma Density in the Ion Source 

The extracted electron current measured by the mass 

separator was 3.75 mA, which gives an electron to ion ratio of 250 

to 1 for the extracted beam. This ratio can presumably be improved 

when the magnetic filter geometry is optimized.55 The extracted 

electron current measurement allows an estimate to be made of 

the plasma density in the extraction region of the ion source, if the 

electron temperature is known. Without probe measurements, this 

information is not available, but a good estimate can be obtained by 

using the electron temperature measured' in similar hydrogen 

discharges, as done in chapter 2 where T e was given a value of 0.35 

eV. 37 The density in the extraction region is given by: 

ne = 41/(evA), (3 -1 ) 

where I is the electron current, e is the electronic charge, v is the 

thermal electron velocity (8KTehtm e) 1/2, me is the electron mass, 

and A is the extraction area. Using the appropriate values for T e' A, 

and I, an electron density of 3x1011 cm-3 is obtained. This is the 

extraction chamber density and corresponds to a first chamber 

density of 1 .5x 1012 cm-3 , for comparison with the model of 

chapter 2. 
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5. Time Dependence of Positive and Negative Ion Output 

The time dependence of the Li+ ion signal and the percentage 

of dimer ions in the extracted ion beam are plotted in Fig. 3-3. As 

expected, the Li+ signal decreases with time due to a decrease in 

neutral density in the source with time. Likewise, the dimer ion 

fraction falls off very quickly in time, which can be explained in 

several ways. As the neutral density in the source becomes 

smaller, the surface coverage of lithium on the heat shield is 

reduced, which increases the adsorption energy, resulting in a 

lower dimer evaporation rate. Also, the lithium sample, which was 

preferentially heated by the plasma, is melted and dispersed over 

time, giving rise to a more even heat shield temperature 

distribution, which is less favorable to dimer formation. 

Negative ion output as a function of time is plotted in Fig. 3-

4. The U- ion signal quickly decreases with time, then reaches a 

region of very gradual decay after ten minutes. The reason for the 

decline is obvious,· since both the plasma density and dimer 

fraction (inferred from the fraction in the beam) decrease with 

time. However, the U" signal is still present even when the dimer 

ion fraction is negligible. This implies either there are dimers 

that do not survive long enough to leave the ion source as ions, or 

that there is another source of U- ions in addition to dissociative 

attachment. The second case may involve surface production or 

perhaps charge transfer between neutral and electronically excited 

lithium atoms. At moderate to high neutral densities, it appears 

that dissociative attachment is the dominant formation process for 
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Li- ions, due to the observed dependence on dimer molecules and 

the need for a magnetic filter to achieve optimal results. 

(Elaborated on in the following section.) 

6. Comparison of Theory and Experiment for Li- Ions 

With the experimental results presented above, a comparison 

between the the theoretical model of the lithium ion source and 

experiment can be made. The experimental parameters were an 

electron density 3x10 11 cm-3 in the extraction chamber (or 

1.Sx10 12 cm-3 in the first chamber), a dimer fraction of 12.3%
, a 

neutral lithium density of 3.8x1014 cm-3 , and an extraction 

chamber length of 4 mm. The electron temperatures for both 

regions used in the model will again be used for comparison. A 

model calculation using these parameters gives an extracted Li

current density of 1.6 mAlcm2 for a tandem discharge. This is in 

excellent agreement with the experimental value of 1.9 mA/cm2. 

Given the number of approximations and assumptions, the error of 

about fifteen percent is much better than one has a right to expect. 

It should be noted that the experimental value of Li- current 

density is the best achieved, and not an average. 

If the filter magnets are removed from the ion source,. a 

single chamber results. The model predicts approximately a factor 

of four decrease in U- current density. Experimentally, the U- ion 

output drops to a negligible value without the presence of the 

magnetic filter. This implies that the model may in fact be 

underestimating the effects of electron collisional detachment. If 

this is the case, then only the single discharge results of the model 
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would be affected. This result is consistent with the assumption 

of dissociative attachment as the dominant U- ion formation 

mechanism. 

It would have been useful to investigate parameter scalings, 

but the nature of the experiment makes this difficult. Ordinarily, 

plasma density is easily controlled by adjusting the arc current and 

voltage in the discharge. However, the coupling of the evaporation 

rate to discharge heating and hence to plasma density, and the 

rapid time evolution of the discharge as the lithium sample 

evaporates makes scaling studies a problem. In any case, the point 

of the experiment was a proof of principle test of volume Li

production in a discharge, not a validation of as yet underived 

theoretical models. In this respect the test was quite successful, 

showing the feasibility of a· tandem plasma discharge for producing 

U- ion beams for diagnostics. 

7. Comparison of Theory and Experiment for li2 Molecules 

The lithium ion source was found to have a dimer content of 

approximately 12.3%. Since little is known about the actual 

temperature and area of the effective lithium evaporation zone, the 

model for li2 formation may provide some clues about conditions in 

this region. It is likely, due to the amount of lithium placed in the 

ion. source, that the hot region is large. The lithium sample was of 

an area of -1 cm2 , while the heat shield had a total surface area of 

-32 cm 2 . Therefore the fractional hot area, B, is roughly three 

percent. It follows that the temperatures involved were at the low 

end of the scale. Using Fig. 2-7, one can estimate that the hot 
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temperature, where the '·lithium sample was placed, was -950oK 

since this gives a dimer fraction of about ten percent with a B of 

five percent. Using the model and solving for the conditions of 

12.3% dimers, a B of three percent, and a neutral density of 

3.8x10 14 cm-3 , a wall temperature of -920oK is obtained. The 

graph of Fig. 2-7 (area fixed) would imply that slightly lower 

temperatures should be more advantageous, but there is no 

temperature control knob for the liner. 

Exoeriments with a Lithium Oven 

In order to operate the ion source in steady state, a lithium 

oven was fabricated to maintain a constant neutral density in the 

ion source. The requirements for this oven are operatioh at high 

temperatures, up to 1300oK, small size, ease of lithium loading, 

and reasonable power consumption. Since the oven and ion source 

must be connected by some kind of lithium vapor transport pipe 

which restricts vapor flow, high oven temperatures are required to 

drive sufficient vapor into the source to maintain a high neutral 

source density. The need for small size is due to the necessity for 

joining the oven to the ion source, which itself is quite small, and 

the physical space available at the test stand where the 

experiment was conducted. Periodically the oven will have to be 

reloaded with lithium after the previous supply is used up. Hence, 

the oven should be easy to load with lithium even after extended 

operation at high temperatures. Reasonable power consumption is 

dictated by the need to fit all power supplies into a high voltage 
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area with limited line power supplied through isolation 

transformers. 

At an operating temperature well over 1000oK, an effective 

vacuum seal for the oven is very difficult to fabricate. The 

approach taken for this oven was to enclose it in a separate water 

cooled vacuum enclosure with standard O-rin,g seals. rhus, high 

temperature vacuum seals are unnecessary. Ordinarily, a valve is 

placed in the connection between the oven and the ion source in 

order to control the vapor flow. Again, designing a functional valve 

at these temperatures is a problem, therefore flow control was 

maintained by controlling the operating temperature of the oven 

and the valve was eliminated. 

Materials compatibility is a serious problem for th.e oven. 

Metal oxide ceramics were avoided as much as possible, and 

replaced by BN insulators. The oven itself, with a volume of -8 

cm 3 , was of welded 314 stainless steel construction, as was the 

transport tube and radiation shielding. Electrical connections were 

made using stainless steel or tungsten wire. The oven was heated 

with commercially available heater wire that used an inner 

nichrome heating element surrounded by magnesium oxide 

electrical insulation and covered with a sheath made of inconel 

which was welded to the outside of the oven (see Fig. 3-5). The top 

of the oven was welded to the transport tube and bolted to the 

lower part of the oven. A nickel gasket formed a vapor seal to keep 

lithium from escaping at the joint. The. transport tube was 

composed of two concentric tubes welded at the top. A current 

was passed through the tubes to electrically heat them to 
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operating temperatures. When the copper vacuum housing of the 

oven assembly was connected to the ibn source, the top of the 

transport tube fit into a hole in the heat shield of the ion source as 

shown in Fig. 3-5. 

Temperature monitoring was provided by two alumel-chromel 

thermocouple junctions. One was spot welded to the base of the 

oven, and the other was spot welded to the inner transport tubing 

and insulated with quartz cloth. The oven and the transport tube 

had separate power supplies for independent temperature control, 

since the transport tube should be operated hotter than the oven in 

order to prevent lithium condensation. For operation at -1270oK, 

the oven required about 180 Wand the transport tube -50 W of 

power. 

Experiments using the lithium oven as the source of lithium 

for the ion source had very different results than those obtained by 

evaporating lithium in the ion source. Fig. 3-6 (a) shows the output 

of the mass spectrometer when a positive ion beam is extracted 

from the ion source operating with an arc voltage of 80 V and an 

arc current of 3 A. The oven was maintained at a temperature of 

-1100oK. The dimer ion fraction is less than two percent and the 

signal intensity is lower than previous results. Thus, both the 

neutral density in the ion source and the dimer fraction are likely 

to be low. This explains the very low U- ion output shown in Fig. 

3-6 (b), when the source is operating at the same conditions except 

for an arc current of 2 A. In light of the results of the model for 

Li2 formation, the low dimer output is due to both a low neutral 

density in the ion source and the lack of any preferential 
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Fig. 3-6 Mass Spectrometer Traces of (a) the Positive Ion Species, and (b) 

the Negative Ion Species, when the Lithium Oven is Used as the 

Source of Lithium 
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evaporation, i. e. a hot spot. With a low neutral density and a low 

dimer fraction, the model would also calculate a low U- current 

density as observed. However, the source could be operated in a 

steady state manner with the lithium oven. 

With a low neutral density, the obvious remedy is to operate 

the lithium oven at higher temperatures in order to drive more 

lithium vapor into the ion source. However, as the temperature of 

the oven is raised, more and more impurities are released from the 

oven assembly and drift into the ion source. Some of these 

impurities are seen in the negative ion mass spectrum of Fig. 3-6 

(b). The impurities are presumably caused by the outgassing of the 

oven components at elevated temperatures and are not eliminated 

by an extended bakeout o·f the oven. Thus operation with an oven 

would require some modification in design, in order to achieve the 

proper throughput of lithium vapor at lower temperatures. This 

could be done by shortening and enlarging the lithium transport 

tube. However, the dimer fraction would still be unacceptably low. 

Shortcomings of These Exoeriments and Their Implications on 

Design of Future Negative Lithium Ion Sources .. 
The Li- model shows further improvements are likely to be 

achieved with higher plasma densities and higher dimer fractions. 

Also, the source neutral density must be maintained for steady 

state operation. While evaporation of lithium directly in the 

discharge proved very successful in producing Li- ions, this result 

could not be maintained in steady state. Source operation with an 

oven resulted in a steady state discharge, but with a very low Li-
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output Evidently the design of an improved Lie ion source should 

incorporate features of both experiments. The following section 

details these design features based on the theoretical and 

experimental results of the previous work. 

For diagnostic applications, a somewhat larger source would 

be desirable in order to increase the usable extraction area, 

improve plasma confinement, and allow better access for 

temperature· control of the heat shield or liner. A source of .... 7.5 

cm diameter by 15 cm long should be large enough without making 

the source cumbersome. Such a source would require internal 

filter rods to generate the magnetic filter field, and use a tungsten 

or LaB6 cathode. The use of ten rows of multicusp magnets would 

improve plasma confinement, while the loss in magnetic 'field

free' volume relative to sixteen rows of magnets is' more than 

compensated by the increase in source diameter. 

The most important improvement for source operation will be 

active control of the liner temperature through the use of 

adjustable heating elements, with independent control of the 

temperature of the 'hot zone' where evaporation takes place. Thus 

preferred temperature distributions can be maintained in steady 

state operation. Also, plasma heating can be compensated for and 

evaporation rates decoupled from the discharge parameters. 

Therefore the plasma density, neutral density, and dimer fraction, 

can be independently optimized. 

As was done in the previous lithium experiment, the 

extraction electrodes should operate at high temperatures to 

prevent lithium condensation. This was accomplished by allowing 
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the plasma to heat the first electrode, and by electrons in the 

extracted negative ion beam heating the second electrode. While 

this arrangement generally worked to keep the extraction aperture 

open, the first electrode was often the coldest part of the liner and 

a preferential area for condensation. The improved design would 

not leave the extraction electrode temperature to chance, but 

would use controllable heating elements. similar to the liner. 

Supplying lithium to the ion source in a controlied manner can 

be accomplished without a high temperature oven. A low 

temperature oven operating at -500oK simply to melt the lithium 

would be connected to the ion source via a valve and a transport 

tube operating at temperatures o·f -600oK. This system would 

deliver small amounts of liquid lithium controllable both by the 

valve and the pressuce of an inert gas in the oven. The level of 

impurities introduced into the ion source from the oven should be 

negligible with these low operating temperatures and, due to the 

valve, the capability of loading lithium in an inert atmosphere. 

Other parameters such as filter strength and axial position 

remain to be optimized in the new design. Plasma density should 

be increased to the 1013 cm-3 range for improved U- current 

density, while the dimer fraction should be maintained or improved 

through better liner temperature control. These improvements 

should provide current densities in the 10 mAlcm2 range, which is 

more than sufficient for diagnostic purposes. The following 

chapter is devoted to using this upgraded U- ion source for a 

proposed diagnostic neutral beamline suitable for making magnetic 
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pitch angle and magnetic field strength measurements in situ4 .39 in 

tokamaks of the ITER parameter range. 

Summary 

The results of experiments on a small multicusp U- ion 

source show that reasonable current densities for diagnostic 

applications are easily achieved. It remains to extend this result 

to steady state operation in a source with a larger usable 

extraction area. Key areas for improvement are control of liner 

temperature and supply of lithium to the ion source. However, 

there are no outstanding technical problems involved in doing so. 

Thus Li- ion sources suitable for diagnostic applications can be 

achieved with only modest. additional development. 
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Chapter 4 

Introduction 

Design of a Lithium Diagnostic Beam to Measure 

Magnetic Pitch Angle on ITER 

This chapter is devoted to utilizing the negative lithium ion 

source previously developed (chapter 3), as the basis for a high 

energy neutral particle beam diagnostic system. A SUo diagnostic 

beam has been successfully used on the TEXT device for 

measurement of the radial profiles of the magnetic pitch angle and 

current density.3.4 The objective here is the scaling of this system 

for use with an ITER size tokamak and achieve adequate beam 

penetration and signal-to-noise (SIN) ratio. Ultimately, the 

requirements for such a system will be calculated. 

Although the magnetic pitch angle is an important parameter 

for MHO stability, plasma heating, and confinement, direct 

measurements of the radial profile have been difficult. For 

example, Faraday rotation of a linearly polarized EM wave by the 

poloidal field of the tokamak is a chord-averaged measurement 

requiring a simultaneous determination of the density profile. 56 

Measurements of collisionally induced Zeeman split transitions of 

intrinsic or injected impurity atoms suffer from fluctuations in 

plasma density and temperature, which modulate the excitation 

rate. The diagnostic method used on TEXT avoids these difficulties 

by using laser induced fluorescence (UF) of an injected 6Lio beam. 

This method allows the radial profile of the magnetic pitch angle 

and the current density to be measured during a single shot. 6Lio is 
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used rather than the more abundant 7Lio because the lighter isotope 

has better plasma penetration for the same beam energy. 

The technique used for this measurement is described in 

references 3 and 4. Simply put, a 6Lio beam is radially injected 

into the tokamak at the midplane, along with light from a tunable 

cw dye laser.57 The laser excites the 6Lio (22S ~ 22 P) transition. 

Collection optics perpendicular to the B-field allow the local field 

direction to be determined from the laser polarization' angle which 

produces the maximum L1F signal. Rotation of the laser 

polarization at a constant angular frequency allows the SIN ratio 

to be improved by bandpass filtering of the L1F signal. 

With the poloidal field known, the ,ocal current density can 

be deduced. Additionally, information about the plasma density and 

temperature can be obtained using the collisionally induced 

fluorescence (CIF) of the 6Lio beam. It remains to state why 6Lio 

was chosen as the beam species. Besides having an appropriate 

Zeeman splitting in the range of efficient cw laser dyes, lithium is 

. a low Z material, which minimizes radiation losses and Zett, also a 

suitable ion source exists from which to generate this beam. 

Overview of the TEXT lithium Diagnostic Neutral Beam 

This section briefly describes parameters of the TEXT 

diagnostic beam and presents a calculation of the attenuation of 

the beam inside the plasma. The beam is based on a small 

thermionic positive 6Li+ ion source typically producing -2.5 mA of 

current. 3 This beam is electrostatically accelerated to a final 

energy of -95 keV. The beam is then refocused and bent in a 
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steering magnet where it is merged with the laser beam. The two 

beams then enter a sodium vapor cell where the 6Li+ ions are 

converted to 6Uo with -400/0 efficiency. The resulting beam has 1 

rnA equivalent current in an area of -1.8 cm2 . 

The SIN ratio for the TEXT diagnostic is determined by 

several factors. First, attenuation of the lithium beam via ionizing 

collisions, primarily with plasma ions, reduces the neutral atom 

flux as a function of distance into the tokamak. Second, 

bremsstrahlung and other radiation sources from the plasma 

provide an optical noise background to ·the L1F signal from the 

lithium beam. Third, CIF also masks the L1F signal. Since the TEXT 

system has already demonstrated an adequate SIN ratio, scale up to 

an ITER compatible system simply requires maintaining or 

improving this SIN ratio based on equivalent beam penetration and 

a proportional increase in the L1F signal to match the increased 

bremsstrahlung and CIF of the ITER environment. 

The beam energy for the TEXT diagnostic is 15.8 keV/nucleon. 

At these energies, ionization is primarily by plasma ions. Although 

impurities are present in the plasma, their effect is usually 

small 58 and will be ignored. Ionization can also occur via 

multistep processes, however the density of the TEXT plasma and 

the low speed of the diagnostic beam makes this contribution 

negligible. The plasma is modeled as a slab of uniform density. 

The slab approximation results in only a small difference from a 

more accurate profile. 58 A density of 2x10 13 cm-3 is chosen as 

representative, since that is given as an upper limit for adequate 

beam penetration on TEXT.59 "The cross sections for ionization and 
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charge transfer at 15.8 keV can be estimated as 1. 7x1 0-15 cm2 and 

8x10-16 cm2 respectively.SO This results in a combined beam 

attenuation cross section (a) of 2.5x10-15 cm2. Therefore the 

beam flux as a function of distance into the plasma (z) can be 

modeled as: 

r(z)/r(o) = exp[-anz], (4-1 ) 

where r(z) is the 6Lio beam flux at position z in the plasma and n is 

the average plasma density. The result of this calculation is 

plotted in Fig. 4-1 as a function of z. The minor radius of the TEXT 

plasma is -27 cm, so at the center of the plasma the beam has been 

attenuated- by 74%, while at the far edge (R = Ro - a) the beam is 

93% attenuated. For the ITER system, the beam penetration should 

be at least as good to allow some measurements of the magnetic 

pitch angle to be made on the far side of the plasma. 

Although bremsstrahlung and elF can be discriminated 

against by chopping the dye laser output, as done for the TEXT 

system, it seems prudent to scale the LlF proportionally for an 

ITER diagnostic so as to maintain resolution against fluctuations in 

the background signal. The appropriate scale up in diagnostic 

parameters is discussed in the following section. An improvement 

in SIN ratio could also be achieved by sinusoidally modulating the 

dye laser intensity at a frequency f, and bandpass filtering the LlF 

output signal at this frequency to remove almost all of the 

background noise. 
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6LiO Beam Diagnostic for ITER 

The first consideration for a diagnostic beam is the beam 

energy required to ensure adequate penetration of the ITER plasma. 

An attenuation cross section for D° beam penetration has been 

developed, which includes the effects of multi-step ionization and 

plasma impurities.S1 To adapt this for use with 6Lio, the formula 

is multiplied by the ratio of the lithium ionization cross section to 

the deuterium cross section at the energy of interest.54 This will 

in fact overestimate the 6Lio beam attenuation slightly, because 

lithium has a shorter radiative lifetime than, deuterium. This 

reduces the contribution of multi-step ionization. The resulting 

cross section has a strong dependence on energy. Using this cross 

section, the proposed ITER average plasma density (pulsed 

inductive drive) <n> - 1.6x1014 cm-3, and equation 4-1, the beam 

attenuation at the plasma center can be plotted as a function of 

beam energy (Fig. 4-2). The beam penetration improves 

monotonically with increasing energy. Limitations due to cost, 

accelerator length, energy investment in the b.eam, and wall 

damage from complete beam penetration, place an upper bound on 

the beam energies. A reasonable cap on the beam energy is -2 

MeV/nucleon due mainly to accelerator length and beam 

penetration. The cost of the overall system will not be addressed. 

At an energy of 2 MeV/nucleon, the beam transmission to the 

center of the plasma is 42.4% of the initial beam, while 18% of the 

initial beam survives a complete transit of the plasma. This 
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allows some measurements to be made near the interior boundary 

(R = Ro - a) of the plasma. 

The next consideration for the diagnostic system is to 

maintain an adequate SIN ratio in an environment of increased elF 

and bremsstrahlung radiation. The 'effect of elF can be estimated 

using the parameters of the TEXT diagnostic beam. The elF signal 

from ITER will be roughly that found in TEXT multiplied by the ratio 

of the ion densities, atom velocities, and excitation cross sections. 

The density ratio is well known (1.45x1014 cm-3/2x 10 13 cm-3), as 

is the ratio of atom beam velocities (12 MeV/95 keV)1/2. The ratio 

of the excitation cross sections can be estimated from the ratio of 

the attenuation cross sections (4.2x10-17 cm2/2.5x10-1S cm2). 

This gives an ITER elF signal that is -1.4 times that of the TEXT 

system. The LlF signal for the ITER diagnostic must be increased 

to compensate, which can be achieved by boosting the laser flux. 

This can be done by increasing the .Iaser power and reducing the 

beam diameter. Increasing the 6Uo beam flux would increase both 

the L1F and the elF noise background. 

The bremsstrahlung noise from a tokamak plasma is 

proportional to (ne2T e 1/2).62 Given the parameters for TEXT 

(2x10 13 cm-3, -1 keV), and ITER (1.45x1014 cm-3, 10 keV), the 

ratio of ITER/TEXT noise is -166. This implies that the beam 

multiplied by the laser flux must be increased by 166 times from 

the values used on TEXT to maintain the SIN ratio of the TEXT 

diagnostic system. The elF and bremsstrahlung noise 

considerations dictate the minimum laser and atom beam fluxes for 

a workable ITER diagnostic system. 
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To summarize the minimum requirements so far, a laser flux 

1.4 times that used for the TEXT diagnostic, and an atom beam flux 

multiplied by a laser flux 166 times that used on TEXT will be 

necessary to maintain the SIN ratio attained with the TEXT 

diagnostic. This does not take into account any improvement in 

noise rejection that can be achieved with modulation of the laser 

intensity. For further calculations, a factor of ten improvement in 

laser flux and a factor of twenty improvement in atom beam flux 

from the values of the TEXT diagnostic will be assumed. This 

entails a beam flux of 1 mAl1.77 cm2 (TEXT values) x 20 = 11.3 

mA/cm 2 . The improved plasma penetration of the ITER diagnostic 

beam will allow better SIN ratios for measurements made in the 

interior of the plasma at the proposed energy of 2 MeVlnucleon or 

12 MeV for 6uo. The collection optics for the LlF. Signal will be 

unchanged in design from that used on the TEXT system. 

Once the minimum beam parameters for the ITER diagnostic 

are known, the beamline components can be specified. The beam 

neutralizer is the first stage back from the tokamak and is tackled 

first. The neutralization efficiencies for a high energy U- beam in 

both gas and plasma targets has been measured.63 

Photodetachment, while conceptually attr~ctive, does not appear 

. feasible due to the lack of high power cw lasers in the energy range 

of interest, even assuming that -high reflectivity mirrors can be 

maintained in a lithium environment. The ITER diagnostic will use 

a plasma neutralizer_ Although the demonstrated efficiency (56%) 

is only marginally better than a gas neutralizer (50%), there is 

great room for improvement in plasma neutralization using high 

85 



charge state plasmas.9 However, the 56% value will be assumed in 

calculations, resulting in a minimum input current density of 20.2 

mA/cm2. 

Stepping back from the neutralizer, the accelerator is the 

next component of interest. In the MeV range of energies, the radio 

frequency quadrupole (RFQ) is an attractive accelerator candidate. 

A preliminary study of a 6 Mev GU- beam accelerator showed the 

feasibility of this concept for the Gl:.i 0 beam diagnostic.64 Scaling 

this to a 2 MeV/nucleon system would simply require a longer 

accelerator, which can be compensated for by increasing the field 

gradient. However, by using the published parameters with the 

longer accelerator to give 2 MeV/nucleon, a conservative design 

can be implemented. This accelerator would accept -930/0 of a 1.4 

mA/cm 2 U- beam which is focused to -sixteen times the initial 

current density (20.5 mA/cm2) and accelerated to 12 MeV over a 

length of approximately 14 m.2 The accelerator is capable a 

handling up to 100 mA of U-. 

These considerations lead to the ion source. A U- current 

density of 1.9 mAlcm2 has been demonstrated in a low power 

multicusp ion source.48 For this application, the ion source si~e 

would be increased to create a larger extraction area with a . 

uniform plasma density. This has been outlined in the improved Li

source of the last chapter. Although the Li- current density is 

likely to increase substantially in this larger source, the published 

value of 1.9 mAlcm2 will be used. Transparencies of -85% for 

multiple hole extraction grids are feasible. 65 In this case, a 
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transparency of 1.4 mAlcm2/1.9 mAlcm2 = 740/0 is needed to meet 

the requirements of the diagnostic beam. 

The last component considered is the laser. A factor of ten 

improvement in laser flux from that used on TEXT was required. 

This can be achieved in two ways. First, the beam diameter for 

both the laser and atom beam will be reduced to 1 cm from 1.5 cm 

used on TEXT. This increases the laser flux by' 2.25 times for the 

same laser power. Second, the argon ion pump laser will be 

increased in power by a factor of -five. The TEXT system uses a 4 

W pump laser, but lasers of up to 40 Ware commercially available 

for this purpose. Hence, scaling the laser flux by a factor of ten or 

more appears straightforward. 

The parameters of the 6Uo ITER diagnostic system are now 

specified. Laser power of 5.6 W in a beam of 1 cm diameter results 

in a factor of -eleven improvement versus the TEXT system. The 

ion source will generate a U- current density of 1.9 mAlcm2. This 

current passes through an extraction grid of 740/0 transparency 

resulting in 1.4 mAlcm2. Beam size at the ion source will be 4 cm 

diameter. Beam current is 17.6 mA versus -2.5 mA for the TEXT 

U+ ion source. The accelerator will focus and accelerate -93% of 

this beam to 12 MeV over a length of 14 m. The output beam will 

have a 1 cm diameter, a current of 16.4 mA, and a current density 

of 20.8 mA/cm2. A plasma neutralizer converts 56% of the 6U

ions into 6uo. Therefore, the atom beam entering the tokamak will 

have an equivalent current of 9.2 mA in a 1 cm diameter. This 

represents a factor of 20.7 increase in beam flux versus the TEXT 

system. Overall, a factor of 233 increase in LlF signal versus TEXT 
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should be achieved at the plasma edge. With the increase in 

bremsstrahlung noise in the ITER plasma, the overall increase in 

SIN ratio will be 233/166 = 1.40 or 40%. At the plasma center, the 

improvement increases to 1.4 x 0.42/0.26 = 2.27, and at the far 

edge to 1.4 x 0.18/0.067 = 3.76 due to the better penetration of the 

ITER beam versus the TEXT beam. Hence the SIN ratio of the ITER 

diagnostic system is expected to be somewhat better than that 

achieved with the TEXT system. 

Conclusion 

The feasibility of a confined magnetic pitch angle diagnostic 

using injected 6Uo and laser beams has been considered. The 

technology required for this system is largely available now. 

Assumptions used in scaling devices for this system- have been 

extremely modest. No improvements over experimentally 

demonstrated parameters were assumed for the ion source or 

neutralizer, although their size would be increased. The RFQ 

accelerator has been implemented for protons66 and extension to 

lithium appears feasible. 64 The required laser system has been 

demonstrated on TEXT. An increase in pump laser power has been 

assumed, but there appear to be no difficulties in scaling the dye 

laser output with the pump power. 

In any case, there is a substantial margin of safety in the SIN 

ratio when compared to that achieved with the TEXT diagnostic. 

This SIN ratio is expected to be improved upon when the LlF signal 

is detected at the modulation frequency of the dye laser, the 

available U· current density is increased by increasing the plasma 
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density in the ion source, and the plasma neutralizer utilizes a high 

charge state plasma. Drawbacks in this analysis include neglecting 

the effect of stripping of U- in the accelerator. This problem is 

not expected to be great, due to the gas restriction of the multiple 

small hole ion extraction grids and the lithium pumping effect of 

all of the colder wall surfaces. 

Tokamak operation with the lithium beam injection should 

not be affected. The injected current is small (9.2 mA) so any 

increase in impurities (Zeft and radiation) will be negligible. Some 

(180/0) of the GUo beam will pass completely through the plasma. 

At 12 MeV of energy, this will represent a wall loading of about 25 

kW/cm2 over an area of -0.8 cm2. This is comparable to the peak 

wall load expected during normal tokamak operation. Hence the 

heat load is not critical, but may requir~ a modification of the wall 

surface over the small beam impact area. 

The measurement of magnetic pitch angle on the conceptual 

ITER tokamak appears to be scientifically feasible using an 

injected atom beam and coincident laser beam in a manner 

demonstrated on the TEXT device. Although the beam velocity 

required is large, present negative ion source, accelerator, and 

neutralizer technology is sufficient to meet this goal. 

Development is required to scale some components to the 

appropriate size, and to scale the dye laser output with the 

increased available pump laser power. It is recommended that 

further studies consider the economics and engineering of this 

diagnostic system to evaluate its true potential as a diagnostic 

too I. 
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Chapter 5 Production of HG Ions in a Cesium or 

Xenon-Seeded Hydrogen Discharge 

The development of high energy H- ion beams is of great 

interest for fusion and other applications. Progress towards this 

goal depends on improving the current density of H- ion sources. 

Further improvements in volume generated H- ion" sources are being 

achieved by increasing the plasma density.67 However, limitations 

in steady state cathode operation and gas flow place an upper bound 

on plasma density. Therefore, an alternative way of enhancing H

ion production is needed. This chapter investigates the effect on 

H- "production of cesium or xenon impurity seeding of a hydrogen 

discharge. 

Previous work on cesiated H- ion sources has been 

concentrated on surface production type ion sources,21 but some 

recent work has been done on "cesiated" volume produced H- ion 

sources.68.69.70 These results, showing large increases in H

output, imply that other source geometries may also provide 

enhanced H- output with the addition of cesium. The effect of 

cesium on the H- ion yield in the filtered multicusp source has not 

been carefully studied. The experimental results detailed in this 

chapter demonstrate that a substantial gain in" H- output can be 

achieved with the addition of cesium. 

Mixing xenon with hydrogen in a filtered multicusp source 

discharge has been tested previously,71 The reason for including 

xenon addition in this work is to compare xenon addition to cesium 

addition for the same ion source and filter geometry. 80th species 
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have large masses and consequently large ion gyroradii, large 

ionization cross sections, and lower thresholds for ionization 

relative to H2. Differences in H- output when either cesium or 

xenon are added may explain the function of cesium in volume H

ion sources. 

Part I Experiments with a Small Ion Source 

Experimental Apparatus 

The 1-inch multicusp ion source is fabricated from a 

cylindrical water cooled copper chamber (2.5 cm diameter by 5 cm 

long) with the open end enclosed by a two-grid ion extraction 

system.72 This source is essentially identical to that used for the 

U- experiments of chapter 3, except that the liner used for the 

cesium-seeded discharges is somewhat different than that used for 

lithium. In the case of xenon-seeded hydrogen discharges, no liner 

is used at all. An extraction aperture of 1.6 mm (O.S mm) in 

diameter, giving an extraction area of 2x10-2 cm2 (5x10-3 cm2). is 

used for the cesium (xenon) addition experiments. The plasma 

electrode can be biased independently of the anode to optimize H

ion extraction. This electrode is also operated at high temperature 

to prevent condensation of cesium. 

Experimental Results - Source Operation with Hydrogen and Cesium 

For source operation with cesium vapor, an oven containing 

metallic cesium is connected to the ion source via a valve as shown 

schematically in Fig. 5-1. Initia"y, the oven is heated to 40QoC 

91 



PlASMA ElECTRODE 

lUNGS1EN 
HEAT SHIELD 

FILAMENT"" 

~~II!III!I--.J 

GAS IN! 

CERAMIC· / 

FEEOlHRa.JGH 

VALVE --. 

CESIUM OVEN ~ 

MASS SPECTROMETER 

1 

CESIUM 

HEATER WIRE 

I---t 
XBL 8712-5345 1 eM 

Fig 5-1 A Schematic Diagram of the Small Ion Source 

92 



,. 

with the valve closed to decompose an oxide layer that may form on 

the surface of the cesium during loading of the oven. The oven is 

then cooled to below 150°C and the valve is opened. During this 

time and throughout the experiment, heater tapes maintain the 

temperature of the valve and transport tubing at .... 300°C to 

minimize cesium condensation. The oven is then heated to 

temperatures greater than 150°C to drive cesium from the oven 

into the discharge chamber. 

The ion source was first operated dc without cesium to 

determine source performance when only hydrogen gas is used. The 

mass spectrometer was used to measure the positive ion species 

distribution and the H- signal level. Figure 5-2(a) shows the 

positive ion species in the extracted beam for an arc voltage of 80 

V and an arc current of 2 A. It can be seen that H3+ is the dominant 

positive ion species in the beam, with the distribution being 5% H+, 

12% H2 +, and 83% H3 +. The negative ion spectro meter sig nal is 

shown in Fig. 5-3(a). In this case, H- ions are the main negative ion 

species, in the discharge, and no other negative ion species was 

detected. Although the neutral gas density in the discharge was 

not measured directly, it can be estimated from the gas flow rate, 

liner or wall temperature ( .... 400°C), and the extraction area. This 

gives a source pressure of the order of 130 mTorr. 

Cesium was introduced to the discharge by opening the valve 

to the cesium oven. The H- output signal was monitored while 

maintaining the same discharge parameters. Fig. 5-4 shows the H

output signal as a function of the oven temperature. With the oven 

temperature adjusted at or below 150°C, no significant change in 
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Fig. 5-2 Mass Spectrometer Traces of (a) the Positive Ion Species in a 

Pure Hydrogen Discharge, (b) with Cesium Added, and (c) at Low 

Extraction Voltage with Cesium Added 

(c) 
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Fig. 5-3 Mass Spectrometer Traces of (a) the Negative Ion Species in a 

Pure Hydrogen Discharge, (b) with Cesium Added 
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the H- ion signal is observed. As the oven temperature exceeds 

170°C, the H- signal increases steadily with temperature until a 

plateau is reached at .... 300°C. The maximum enhancement of the H

signal with cesium is over sixteen times that for operation with 

pure hydrogen. 

To verify that cesium was indeed in the plasma, a positive 

ion beam was extracted from the source and Fig. 5-2(b) and (c) 

illustrate the resulting positive ion spectrum. Fig. 5-2(b) shows 

that the hydrogen ion species distribution changes to 4% H+, 70/0 

H2+, and 89% H3+, very similar to operation without cesium but 

with a slightly higher percentage of H3+ ions. Cs+ ions are not 

seen in the spectrum of Fig. 5-2(b) because they are too massive to 

be collected at this extraction voltage (187V). When the extraction 

voltage is lowered to 35V.(Fig. 5-2(c)), the spectrum shows the 

presence of the Cs+ ion peak, along with H3+ ions. Indeed, cesium 

ions are the dominant positive ion species in the discharge because 

cesium has a much larger ionization cross section, and a low 

threshold ionization energy (3.geV). Because of its large mass, Cs+ 

ions have a larger ion gyroradius than H3+ ions. Thus they caFl 

penetrate the magnetic filter much ~ore easily. Fig. 5-3(b) shows 

the spectrometer signal for H- with cesium in the discharge; this 

signal is much larger than that obtained for pure hydrogen 

operation (Fig. 5-3(a)). Again, H- ions are the dominant negative 

ion species and no es- ions have been .detected. 

After an hour of operation, the valve to the cesium oven was 

closed and the source was operated only with residual cesium. 

After several hours of additional operation, only a slight decrease 
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in H- output was observed. This indicates that neutral cesium 

leaves the ion source at a very slow rate, either through 

condensation at cold spots on the wall or through the extraction 

aperture. If the cesium is highly ionized, the potential barrier of 

negative ion extraction can keep the cesium ions from exiting 

through the extraction aperture. Thus, serious breakdown problems 

in high voltage accelerating structures can in theory be minimized. 

The source has also been operated with no arc voltage 

present. In this case only the filament was on. The H- ion signal 

was still detected with an amplitude comparable to the pure 

hydrogen discharge case. The filament was driven with a voltage. 

of 5 V and a current of 20 A. Therefore,· cesium ionization can still 

occur either by electron impact or by surface ionization on the 

filament. However, vibrational excitation of the hydrogen molecule 

cannot proceed by the usual mechanism of electron impact 

excitation of an electronically excited state of H2 which decays 

into a vibrationally excited state, because the electron energy is 

too small (< 5 eV). Therefore, the dominant mechanism for 

vibrational excitation is gone. Recently it was found that . 
vibrationally excited H2 molecules could be generated by 

recombination of hydrogen atoms on a surface. 73 ,74 In this case, 

hydrogen atoms are produced by dissociation of H2 on the hot 

tungsten filament. These atoms can subsequently recombine on the 

source chamber wall to form vibrationally excited H2 . Although 

hydrogen atoms are ordinarily deleterious to H- production, since 

they have a large cross section for de-exciting vibrationally 

excited molecules. in this case they can also be the source of 

98 



vibrationally excited molecules. However, the electron density of 

this filament driven discharge is extremely small due to the 

relatively low power dissipated by electron emission and cesium 

ionization. Therefore, the role of dissociative attachment in H- ion 

production is also expected to be small. Hence recombinative 

desorption is unlikely to explain this result. No H- ion signal is 

observed for pure hydrogen operation with the filament only. This 

is consistent with a surface formation process on the cesiated 

anode walls. 

There are several reasons why the addition of cesium can 

improve the H- output of the filtered multicusp source.75 Cesium 

has a large ionization cross section at low electron energies 

relative to H2. Hence, cesium is effiCiently ionized in the 

discharge, resulting in a much higher plasma density for a given 

discharge power. This, coupled with its large gryoradius (6.5 cm at 

250 gauss and E ... 1 eV) compared to H3+ (1.0 cm at 250 gauss and E 

... 1 eV), will allow the cesium ions and low energy electrons to 

diffuse much more easily across the filter field and gives a much 

higher plasma density in the extraction region of the ion source. 

The presence of a large oconcentration of low energy electrons in 

the extraction region in- turn, can greatly improve the conversion of 

vibrationally excited H2 into H- ions. 

Since a molybdenum surface partially covered by cesium has 

a very low work function, the impact of positive ions or absorption 

of ultraviolet radiation may cause emission of additional electrons 

with energies in the range of 1 eV. In addition, cesium atoms may 

cool the electrons in the extraction region through inelastic 
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collisions at low energy (1 - 10 eV). There is also a reaction 

between cesium atoms and H3+ ions to give vibrationally excited 

H2: 

Cs + H3+ ~ Cs+ + H2 (v*) + H, 

Cs + H3 + ~ Cs+ + 3H . 

(5-1 a) 

( 5-1 b) 

. The cross section and branching ratio for the above reactions 

are known at higher energies (> 15 eV),74 but not at the lower 

energies of interest (0-5 eV). For energies of 15-1000 eV, the 

cross-section for 5-1(a) is greaterthan 10-14 (cm2)J4 

Nevertheless, this reaction may also contribute to the increase in 

H- output by providing more vibrationally excited molecules. 

Finally, it is also possible that the discharge chamber walls are 

not hot enough to prevent adsorption of a monolayer of cesium and 

thus can add H- ions produced by surface conversion of H+ ions, or 

desorption of H- ions 

Exoerimental Results - Source Ooeration with Hydrogen and Xenon 

Source operation with hydrogen and xenon was investigated 

at a variety of hydrogen and xenon partial pressures. Fig. 5-5 

shows the results of adding xenon to a hydrogen discharge at 

different hydrogen pressures. Here, the H- output signal is plotted 

as a function of the ionization gauge reading obtained downstream 

from the ion source. For each point, the plasma electrode bias 

voltage was adjusted to provide the optimum H- output. The curve 

marked by open squares denotes operation with hydrogen only. For 
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the other curves, the first point represents pure hydrogen 

operation, with higher pressures the result of adding xenon only. 

Since the ionization gauge is -6.5 times as sensitive to xenon as to 

hydrogen, the real increase in downstream pressur~ due to xenon to 

achieve the best H- output is only about 60/0 over the starting 

pressure (2.2x10-6 torr). The estimated pressure inside the source 

is about 11 mTorr of hydrogen and 1.8 mTorr of xenon. The best H

output for hydrogen only is achieved at about 5x10-6 torr. In this 

case, the source pressure is estimated to be about 25 mTorr of 

hydrogen. 

In order to verify the increase in H- output recorded by the 

spectrometer, a Faraday cup was used to measure the total 

extracted negative ion current. The electrons in the beam were 

removed by a permanent magnet mass separator. Fig. 5-6 shows 

the H- output versus pressure for both the spectrometer and the 

Faraday cup signal. There is very good agreement between the two 

except at the highest pressures. This may be due to the increase in 

stripping of the H-' ions inside the spectrometer. 

The positive and negative ion species in. the extracted beam 

were measured by the spectrometer for operation with and without 

xenon. Fig. 5-7(a) shows the positive ion species of the pure 

hydrogen discharge (6% H+, 11% H2+, 83% H3+)' When xenon is 

added to the discharge, the hydrogen species mix changes to 50% 

H+, 12% H2+, and 38% H3+ (Fig. 5-7(b)). This spectrum is very 

different than that of Fig. 5-2(b} for cesium-hydrogen operation. 

The addition of xenon shifts the species mix to give a much larger 

percentage of protons in the beam. 
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(a) 

(b) 

Fig. 5-7 Mass Spectrometer Traces of (a) the Positive Ion Species in a 

Pure Hydrogen Discharge, (b) with Xenon Added, and (c) at Low 

Extraction Voltage with Xenon Added 

(c) 

XBB 870-10665 
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To verify the presence of Xe+ ions, the extraction voltage 

was lowered to 35 V to allow Xe+ ions to be collected by the 

spectrometer. Fig. 5-7(c) demonstrates that the Xe+ ion is the 

dominant species, with H+ and H3+ ion peaks also visible. Fig. 5-8 

shows the spectrometer output signal for negative ion extraction, 

with Fig. 5-8(a) obtained for operation with hydrogen only, and Fig. 

5-8(b) for xenon-hydrogen operation. For the case of a xenon

hydrogen discharge, no negative impurity ions were detected. 

Discussion 

As in the case of cesium, xenon also provides a higher density 

of low energy electrons to the extraction region of the ion source. 

This increase in electron density enhances H- ion production. It 

should be noted that the peak filter field strength used in these 

experiments is comparatively strong (8 = 250 gauss at the center). 

While both cesium and xenon addition increase H- output, cesium 

provides greater H- enhancement even though the plasma electrode 

bias was not optimized in this experiment. There are several 

reasons why this is the case. Since cesium has a considerably 

lower ionization energy than xenon, cesium may provide a higher 

plasma density than xenon in the extraction region of the discharge. 

Also, cesium may cool the electrons in the extraction region more 

effectively than xenon. This would reduce H- losses due to 

stripping by energetic electrons. Another possibility is the 

reaction given by equation 5-1 (a), whereby H3+ ions are converted 

into vibrationally excited hydrogen molecules. However, more 

information about the cross section of this reaction in the energy 
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Fig. 5-8 Mass Spectrometer Traces of (a) the Negative Ion Species in a Pure 

Hydrogen Discharge, (b) with Xenon Added 
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range of interest is needed in order to determine the importance of 

this process. Additional surface production of H- ions is also a 

possibility. 

This experiment suggests that addition of cesium to higher 

power filtered multicusp ion sources may provide much larger H

current densities than previously attained. Only minor 

modifications to the ion source are required for cesium operation, 

and with continuous negative ion extraction, very little cesium 

will escape from the source. 

Part " Experiments with a Larger High Power Ion Source 

Recently, a 3-inch multicusp source has been fabricated, and 

operated in a pulsed mode to generate volume produced H- ions.67 

From this new source, H- current densities higher than 250 

mA/cm 2 have been extracted. To obtain these current densities, 

the source requires relatively high gas pressure and high discharge 

power. Experiments have been conducted to improve the arc and 

gas efficiencies, the shape of the beam pulse, and the H- to 

electron ratio in the extracted beam by optimizing the filter 

magnetic field, the thickness and axial position of the extraction 

aperture in the plasma electrode. A recent experimental study, 

detailed in Part I of this chapter, on a smaller multicusp ion 

source, in steady state operation and at low discharge power, 

shows a very large increase in H- output when cesium vapor is 

added to a hydrogen dischargeJ6 To determine if the increased H-
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output scaled in larger sources operated at high discharge power, 

this multicusp source was modified to operate with cesium. 

H- current densities in excess of 1 Alcm2 together with a 

substantial reduction in the e/H- ratio were achieved when cesium 

was introduced into the hydrogen discharge. 

Exoerimental Apoaratus 

A schematic diagram of the 3-inch multicusp H- source is 

shown in Fig. 5-9. The source geometry has already been described 

in the literature.67 In br:ief, the source chamber is a thin-walled 

(2-mm-thick) copper cylinder (7.5-cm-diam by 8-cm-long) 

surrounded by 14' columns of samarium-cobalt magnets for primary 

electron and plasma confinement. The permanent magnets in turn, 

are enclosed by an outer anodized aluminum cylinder. During pulsed 

high power discharges, adequate cooling of the magnets is provided 

by water circulating between the two cylinders. 

In order to operate with cesium, a thin molybdenum liner was 

installed against the inner walls of the source chamber and around 

the permanent magnet filter rods. Radiation from the tungsten 

filament and discharge heating by the plasma maintain a high liner 

temperature. As a result, cesium will not easily condense on the 

chamber walls. In this experiment, cesium vapor was introduced 

into the source through a transport pipe from an external oven. The 

temperatures of the oven and the transfer tubes were regulated by 

adjusting the heating current of the surrounding coil. 

The open end of the source chamber was enclosed by a two

electrode acceler.ation system. H- ions were extracted from the 
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source through one or multiple small apertures. A hydrogen plasma 

was generated by primary electrons emitted from a cathode located 

at the center of the source chamber. The entire source chamber, 

together with the filter rods, served as the anode for the discharge. 

In this study, the discharge voltage was maintained at -150 V and 

the source pressure was varied between 15 to 50 mTorr to achieve 

the highest H- yield. 

During source operation, the H- output current was optimized 
. 

by varying the bias potential of the first (or plasma) electrode 

with respect to the anode. The maximum extraction voltage used in 

this experiment was -16 kV. Electrons in the accelerated beam 

were separated from the H- ions by a permanent magnet mass 

separator (Fig. 5-9). The B-field of the spectrometer was strong 

enough to deflect the electrons, which were then collected on the 

grooved graphite plates. The accelerated H- ions were slightly 

deflected and were then detected by a graphite Faraday cup which 

was biased slightly positive relative to ground potential for 

suppression of secondary electron emission. 

Experimental Results for Hydrogen-Cesium Operation 

The experiment with the cesium-seeded plasma was first 

studied with a 1-mm-diam extraction aperture. Figure 5-10 shows 

the H- current density obtained from the source as a function of 

discharge current and the amount of cesium added to the discharge. 

All measurements were performed at a constant discharge voltage 

of 150 V and at optimu"m source hydrogen pressure. When some 

cesium was added to the source, the H- current density increased 
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by about a factor of two relative to a pure hydrogen discharge. At 

this cesium level, no difficulties were encountered during source 

operation and beam extraction. Further addition of cesium (Fig. 5-

10) resulted in an overall improvement of H- output by a factor of 

five and H- current densities exceeding 1 Alcm2 were obtained. 

The limiting factor in increasing the cesium density and therefore 

the H- output current was electrical breakdown across the 

extra<?tion electrodes. . For a source specifically designed for 

cesium operation, these problems could be alleviated. 

The scaling of H- ion current as a function of extraction area 

is of great interest when considering ion sources for accelerator 

and fusion applications. To address this issue, two additional 

plasma electrode inserts were fabricated with different extraction 

areas. One insert contained seven apertures (each of 0.7-mm-diam) 

inside a 2.26-mm-diam circle and the other contained nineteen 

apertures (each of 0.9-mm-diam) inside of a 5.0-mm-diam circle. 

Thus, the nineteen aperture insert has an extraction area of. about 

sixteen times that of the Single 1-mm-diam hole. 

Figure 5-11 shows the extracted H- current and current 

density as a function of discharge current when. the seven aperture 

insert was used. The results are very similar to the single (1-mm

diam) aperture case. At a discharge current of 350 A, source 

operation with adequate cesium generated a H- current density of 

-1.2 A/cm2. The corresponding H- current was 33 mAo 

Figure 5-12 is a graph of the e/H- ratio versus discharge 

current for the seven aperture insert. Source operation with pure 

hydrogen produced a high e/H- ratio that increased with discharge 
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current. Addition of cesium to the discharge, however, reduced the 

ratio of e/H- from 200 to 20 at high discharge power. This 

reduction may be in part due to a decrease in electron temperature 

in the extraction region. 

Source operation with the nineteen aperture insert was very 

similar to the case of the single or seven aperture insert. In this 

measurement, the total extracted H- current is improved to 150 

mA at a discharge current of 350 A when cesium is added to the 

source plasma. The corresponding H- current density is about 1.2 

A/cm 2 . The results of these experiments with cesium indicate 

that the H- current scales directly with extraction area for the 

extraction geometries tested. 

An oscilloscope picture illustrating the time dependence of 

the discharge current and voltage, and the extracted electron and 

H- currents is shown in Fig. 5-13 for cesium operation with the 

nineteen aperture insert. During the 500 J.ls discharge pulse, the H

current profile is very uniform. This is in contrast to pure 

hydrogen operation, where the H- time dependence is peaked early 

in the pulse. The reason for the improved pulse shape when 

operating with cesium has not been identified. 

The effect of reducing the liner temperature was 

qualitatively investigated. All discharge parameters were held 

constant while the pulse repetition rate was reduced. This has the 

effect of lowering the average power dissipated by the discharge, 

which reduces the liner temperature. The measured H- ion current 

increased for lower liner temperatures. This result implies that 

cesium is involved with a wall process, since the lower 
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Fig. 5-13 An Oscilloscope Picture Showing the Time Dependence of the 

Discharge Current and Voltage, and the Extracted Electron and H

Ion Currents 
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temperature would increase the surface concentration of cesium 

and lower the cesium partial pressure. Remember that H- current 

always increased with the amount of cesium added by the oven. 

The effect of a further reduction in the pulse repetition rate is 

limited by the power dissipated by the filament, which is not 

pulsed. 

Part III Conclusion 

The results of these experiments show a substantial increase 

in H- ion output when cesium is added to a hydrogen discharge. 

This result scales to high power densities. Although the 

mechanism for H- production is not yet known in a cesium-seeded 

discharge, some possibilities may be inferred from qualitative 

observations. First, the ratio of H3+ to all hydrogen positive ion 

species in the discharge was relatively uncharged when cesium 

was added. This would tend to rule out the reaction between H3 + 

and Cs (Eq. 5-1), since the percentage of H3+ should be reduced in 

this case. Second, it was also found that a substantial amount of 

H- was produced when no arc voltage was present This implies a 

formation process that does not require a substantial electron 

density. Surface production could explain this result Third, in the 

pulsed discharge, the dependence of H- ion output on the liner 

temperature provides strong evidence that the H- enhancement 

when cesium is added is due to a wall process. Further work is 

needed to confirm this interpretation. 
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These results show cesium addition to be an effec~ive way to 

increase H- output. Very few modifications were needed to adapt 

the volume H- source to operation with cesium. Further increases 

in H- current density may be obtained by using a temperature 

controlled liner in order to optimize this parameter. A n"ew source 

design, incorporating this liner and a hot ion extraction system, is 

recommended. The use of a cesiated discharge may provide the key 

to' developing the low pressure «10 mTorr) high current density 0-

sources needed to make fusion current drive viable. 
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Chapter 6 Production of H- Ions in a Barium-Seeded 

Hydrogen Discharge 

Previous experiments have shown that addition of cesium to a 

filtered multicusp ion source can result in large increases in' H

output.78 H- current densities exceeding 1 A/cm2 have been 

extracted from a multicusp ion source which is seeded with 

cesium.?7 In order to avoid the problems that are sometimes 

associated with cesiated ion source operation (like voltage 

breakdown), a substitute material for cesium with a much lower 

vapor pressure is desirable. Recent work with barium converters 

has shown that the H- conversion efficiency of a barium converter 

is similar to that of a cesium-on-molybdenum converter.78 ,79 In 

addition, barium has a much lower vapor pressure than cesium as a 

function of temperature, as shown in Fig. 6-1.80 This chapter 

presents experiments on H- production when the hydrogen plasma 

in a filtered multicusp ion source is seeded with barium. An 

attempt is made to determine the dominant H- formation 

mechanism. 

Part I Experiments with a Small Ion Source 

Preliminary experiments were performed in a small ion 

source identical to that described in chapter 3 for U· experiments, 

except that barium is used in place of lithium .. A schematic 

diagram of the ion source is shown in Fig. 6-2. During source 

operation, the liner and the plasma electrode, which are thermally 
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isolated, are heated by the discharge. The temperature of the liner 

can be monitored with a thermocouple in contact with the outer 

surface of the liner. Seeding of the source with barium is 

accomplished by placing a solid sample of barium metal on the 

liner. The barium evaporates during source operation due to 

discharge heating of the liner. In this manner, barium can be 

deposited on all surfaces of the liner and the plasma electrode. 

Located downstream from the second extraction electrode is 

a compact magnetic deflection spectrometer53 for measurement of 

the negative or positive ion species in the extracted beam. For 

these experiments, the hydrogen pressure in the ~ource is 

maintained at -30 mTorr. With the ion source operating steady 

state at a discharge voltage of 80 V and a discharge current of 0.5 

A, the mass spectrometer Signal in Fig. 6-3(a) shows the negative 

ion species for pure hydrogen operation. H- is the only negative ion 

detected in the accelerated beam. Fig. 6-3(b) shows the ion 

species in the extracted positive ion beam for pure hydrogen 

operation. The dominant ion species is H3+, with a smaller 

fraction of H+. H2 + ions are also present in the discharge, but are 

not resolvable as a peak for this scale. 

The extracted positive ion species for the source seeded with 

barium are detailed in Fig. 6-3(c). The spectrometer output signal 

shows the presence of H+, H3+, Ba++, and Ba+ ions. In this case, 

the negative ion spectrometer signal detects only H- ions, but with 

a much larger amplitude when compared with that in Fig. 6-3(a). In 

this measurement, both the H- and the Ba+ (also Ba++) signals have 

a strong dependence on the temperature of the liner. Fig. 6-4 is a 
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plot of the H- and Ba+ signal amplitude as a function of liner 

temperature. The baseline value of the H- signal amplitude for 

pure hydrogen operation is also displayed in the same figure (0). 

The maximum H- output for the barium-seeded discharge is more 

than thirty times that for pure hydrogen operation. The maximum 

H- output occurs for measured liner temperatures of -150°C. This 

temperature is reached a short period of time after the discharge 

was turned on. A much higher liner temperature of -600°C was 

obtained for steady state operation. The results of Fig. 6-4 are 

reproducible when the discharge is turned off, the source wall or 

liner allowed to cool, and the operating sequence repeated. The 

liner surface was not changed in any other way, so a barium coating 

remains after thermal cycling. The liner had an "apparent thermal 

time constant of about a minute. 

The dependence of the two signals (H- and Ba+ ions) on the 

liner temperature is very strong. The Ba+ ion signal behaves 

predictably, requiring a high liner temperature before barium can 

be vaporized and enter the plasma. (It should be noted that the 

dynamic response of the thermocouple used to measure the 

temperature may be slow because it samples the outside of the 

liner, not the inside.) The H- signal is initially -10 times larger 

than the baseline value for pure hydrogen operation, and increases 

rapidly with temperature. At a temperature of -150°C, the H

signal reaches a maximum and then decreases for higher liner 

temperatures. The H- output starts to decrease when a significant 

amount of barium is in the plasma. This behavior was reproducible 

over many thermal cycles. The effect of barium in the plasma on 
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H- production is not understood, and these results show that it may 

reduce the H- yield. The decrease in H- output at high liner 

temperature may also be due to a depletion of barium from the 

liner surfaces. In all cases, the barium-seeded discharge produced 

a significantly larger H- output than the pure hydrogen discharge. 

It should be noted that the H- output for pure hydrogen operation is 

relatively insensitive to liner temperature. 

The increase in extracted H- current, when. the discharge is 

seeded' with barium, is very similar to that obtained when the 

source is seeded with cesium.76 In that measurement, results 

showed a factor of -16 improvement in the He output for steady 

state operation. Steady state operation of the source, with 

addition of barium and a much hotter liner than that used for 

cesium, produced approximately a factor of 5 increase in H- otJtput 

(see Fig. 6-4). A factor of 30 improvement in H- output can be 

achieved at optimum liner temperatures with barium. Further 

investigation of these results in a larger source, and determination 

of the H- production mechanism is the subject of the following 

section. 

Part II Experiments with a Larger Ion Source . 

Previous experiments show that the H- yield from a filter

equipped multicusp source can be increased substantially if the 

hydrogen discharge is seeded with cesium or barium.77 ,81 The large 

enhancement in the H- output (> a factor of 5) can only be explained 

if there is a substantial change in the population of vibrationally 
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excited H2 molecules or positive ion species, which in turn favors 

the formation of H- ions via electron-molecule or electron-ion 

collisional processes,26,82,83,84 or if surface generation of H

ions 19 on the chamber walls becomes significant. In this section, 

the first experimental investigation which identifies the source of 

H- formation when the plasma is operated with and without barium· 

is reported. 

The experiment was performed in a larger 3-inch diameter 

multicusp H- source, which is shown schematically in Fig. 6-5. 

This is the same source described in Part II of chapter 5, with a 

few modifications. A steady-state hydrogen plasma was produced 

by primary electrons emitted from one set of tungsten filaments, 

and the entire chamber wall served as the anode for the discharge. 

A second set of tungsten filaments was used to supply additional-' 

primary electrons into the source plasma. It has been 

demonstrated that a negative plasma potential can be formed in a 

multicusp ion source by the low-energy electron injection 

technique. 8S If the energies of the injected electrons are lower 

than the ionization energy of the background gases, then they 

cannot make ionizing collisions, but they can be confined very 

efficiently by the multicusp magnetic fields. The presence of a 

large quantity of these low energy primaries will produce a 

~egative plasma potential well . 

Barium, instead of cesium, was employed in this experiment 

for several reasons. Due to the magnetic field generated by the 

filament, it is easier to inject primaries with energies below the 

ionization potential of barium (Ei = 5.2 eV), than primaries with 
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energies below that of cesium (Ei = 3.9 eV), into the plasma. 

Secondly, barium has a much lower vapor pressure than cesium, so 

that much less of its vapor effuses from the source, and voltage

breakdown problems in the accelerator region can be minimized. 

Seeding of the source with barium was accomplished by 

placing some solid samples of barium on the liner. The barium 

evaporated during discharge operation and deposited on all surfaces 

of the liner. Negative ions were extracted from the source through . 
a small (0.1 x 1.0 cin2) aperture. A compact magnetic deflection 

mass spectrometer,53 located just outside the extractor, was used 

for relative measurement of the extracted H- ions as well as their 

energy spectrum. Plasma parameters were obtained with a small 

Langmuir probe located near the center of the source chamber. 

The source was initially operated with pure hydrogen at a 

pressure of 4 mTorr. A background plasma with a density of 

2x 1 011 cm-3 was maintained by a discharge voltage of 80 V and a 

discharge current of 0.5 A from filament set (1). Figure 6-6(a) 

shows the corresponding H- signal as recorded by the mass 

spectrometer. The plasma potential Vp measured at the center of 

the source chamber was about 4 V positive with respect to the 

anode or chamber walls. 

As more and more low-energy electrons were injected from 

the second set of filaments into the background plasma, Langmuir 

probe traces showed that the plasma potential Vp became less 

positive and eventually dropped below the anode potential. It was 

found that Vp was approximately 3 V negative relative to the anode 

walls when filament set (2) was operated with a discharge voltage 
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of 12 V and a discharge current of 5 A. Under this dual-cathode 

discharge condition, the plasma density in the source was found to 

increase by 62%. The H- output signal, as shown in Fig. 6-6(b), also 

increased by about the same percentage. Thus, the enhancement in 

H - output is directly proportional to the increase of the source 

plasma density. This result also indicates that vibrationally 

excited hydrogen molecules are unlikely to be formed via reflection 

of positive hydrogen ions on the anode walls. 

The energy spectrum of Fig. 6-6 (b) also showed that the H

ion peak has been shifted to the higher energy side. The increase in 

beam energy is due to the change in plasma potential before and 

after the injection of low energy electrons. The energy level 

diagram of Fig. 6-7 illustrates the relation between the energy of 

an H- ion and the potential of the source plasma. If the plasma 

potential V p is positive with respect to the anode and the H- ion is 

generated in the plasma volume by a collisional process, then its 

energy E .. e(Va - Vp) when it arrives at the detector, where e is the 

electronic charge and Va is the extraction voltage. If the plasma 

potential Vp is negative, then the energy of the volume-produced H-. 
ion will become larger and the H- peak will appear farther to the 

right or to the higher energy side of the spectrum. 

On the other hand, if the H- ion is born on the anode surface 

and the potential of the plasma in the source chamber is positive, 

then the energy of the H- ion when it arrives at the detector will 

be E = eVa + ~E where ~E is the amount of energy possessed by the 

H- ion just when it leaves the anode surface. The actual H

formation process on the anode surface has not yet been identified. 
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If the H- ion is generated by r.eflection of the positive hydrogen ion 

species,86,87,88 then LlE ~ eVp. If the H- ions are formed by 

reflection of the neutral hydrogen atoms which include the Franck

Condon neutrals, then LlE can be as large as 2 eV.89 H- ions can also 

be generated by a desorption process90,91 on surfaces and the 

incoming projectile can transfer some energy to the adsorbed 

hydrogen atom. In all these cases, the majority of the H- ions 

produced on the anode surface cannot reach the plasma volume if 

the potential of the plasma is sufficiently negative with respect to 

the anode. The H- ions will be confined or trapped on the surface 

by the potential barrier and therefore cannot be extracted from the 

ion source. Only the volume-produced H- ions will be extracted and 

subsequently detected by the mass spectrometer. 

For a pure hydrogen discharge, the H- output Signal shown .ih 

Fig. 6-6(b) increased with the plasma density when the plasma 

potential became negative. It is also found that the increase in H

energy (-7 eV) is equal to the overall change in plasma potential. 

Based upon this analysis, one can conclude that for pure hydrogen 

operation, the H- detected in Figs. 6-6(a) and (b) are produced in 

the bulk of the plasma volume, most probably by the dissociative 

attachment process.25,28 

Seeding of the hydrogen discharge with barium was carried 

out by placing some barium pellets on the liner. For this 

measurement, the source pressure was maintained at 2 mTorr and 

the background plasma was obtained with a discharge power of 80 

V, 0.2 A from filament set (1). In this barium-seeded discharge, 

Langmuir probe characteristics showed that the plasma potential 
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was -1.5 V more positive than the anode. The spectrometer signal 

in Fig. 6-8 (a) demonstrates that the H- output has increased by 

about a factor of 3 compared with pure hydrogen operation. A 

similar enhancement has previously been observed when H- ions 

were extracted from a smaller multicusp source.81 

In order to achieve a negative plasma potential, low-energy 

primary electrons were injected into the barium-seeded plasma. 

With filament set (2) operated at a discharge voltage of 4 V ~nd 

discharge current of 2 A, the plasma potential at the source center 

was changed to -1 V negative with respect to the anode. Under this 

discharge condition, the H- peak in Fig. 6-8(b) is shifted to the 

higher energy side, similar to the result obtained for pure hydrogen 

operation. However, the H- output signal is now reduced by a 

factor of 2.4 even though the plasma density has increased by a 

factor of -2. This reduction in H- output signal indicates that the 

majority of H- ions observed in Fig. 6-8(a) are formed on the anode 

surface. When Vp becomes negative, the surface-generated H- ions 

are unable to enter the plasma and only the volume-produced H

ions can be extracted and detected by the spectrometer. The H

signal decreases and it is not until Vp becomes positive that the H

output can- recover its original value of Fig. 6-8(a). 

Part III Conclusion 

The above observation demonstrates that surface-generated 

H - ions are responsible for the large enhancement of the H- output 

current when barium is added to a multicusp source. These results 
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are consistent with the observations of chapter 5. Hence,· it is 

likely that H- ions are formed on the anode walls for cesium as 

well as barium-seeded hydrogen discharges. It should be noted that 

the energies of the H- formed on the anode surface can be quite 

different from those generated from a self-extraction type 

negative ion source.21 In the latter configuration, a converter 

electrode with bias potential of -100 V or higher is employed. As a 

result, the average transverse energy of the "self-extracted" H

ions is high (>5 eV).92,93 In principle; the transverse energy of the 

H- ions obtained from the barium-seeded source operation can be 

minimized by adjusting the potential difference between the 

plasma and the anode surface. 

If the. optimum liner temperature and barium coverage can be 

achieved during steady state operation, it appears that the H- yield 

can be substantially improved. In that case, barium may in fact 

provide an enhancement in H- output comparable to or even greater 

than cesium-seeded operation. The use of a temperature 

controllable liner, which does not rely entirely on discharge 

heating, may enable one to achieve the optimum liner condition and 

thus the best H- output current. If this can be accomplished, then 

this new type of surface-production source can be used to provide 

large currents of high brightness H- or 0- ion beams. 
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Chapter 7 Conclusion 

Summary of Results 

The intent of the experiments presented in the previous 

chapters was to improve the properties of negative ion sources for 

fusion applications. In the case of Li- ions, production via volume 

processes had yet to be demonstrated in a discharge. The results 

of chapter 3 show not only that volume production of Li- occurs, 

but that a volume discharge source of Li- ions has sufficient 

current density to be useful for diagnostic applications. Chapter 4 

details a proposed magnetic pitch angle diagnostic for the ITER 

tokamak conceptual design. This diagnostic uses a high energy LiO 

beam based on the Li- ion source of chapter 3. Only modest 

imRrovements over demonstrated technology are assumed. 

The lithium discharge has been adequately modeled using a 

rate equation approach in chapter 2. On the basis· of the model 

parameter scalings, a significantly improved Li- current density 

should be obtained by increasing the plasma density and neutral 

dimer fraction in the discharge. Li- current densities in the range 

of 10 mAlcm2 appear feasible. If this can be achieved, the 

possibility of using Lio beams for current drive should be 

investigated. The advantage of GU- based neutral beams versus D

is that the energy required for equivalent beam penetration is three 

times higher. This allows the Li- beam current to be reduced by a 

factor of three for the same energy deposition. 

H - ion sources are being intensively developed in order to 

address the problem of current drive in next generation tokamaks. 
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A viable H- source must demonstrate steady state operation with a 

high H- current density, low H2 source pressure, and a low H- ion 

transverse energy. Previous experiments on surface sources of H

have shown that although the extracted current density is high; the 

negative ion transverse energy is also high.21 These sources 

. employed a converter biased at high negative potential to produce 

H- ions.21 Volume sources of H- can produce negative ions with a 

low transverse energy, but at relatively low current densities and 

high H2 source pressures. 

The experiments of chapters 5 & 6 . address this problem by 

using a new converterless surface H- production geometry. In a 

barium-seeded discharge, it was demonstrated that H- ions are 

predominantly formed on the anode walls. Experiments with a 

cesium-seeded discharge are· consistent with this formation 

mechanism. Since the plasma potential is likely to be the dominant 

source of transverse energy for H- ions, the emittance of an 

extracted H- beam is expected to be good. The current densities 

achieved in a high power hydrogen discharge were significantly 

increased {~ factor of five) when cesium was added to the 

discharge. This result will allow the use of low H2 source 

pressures while still obtaining high current densities. In addition, 

the fraction of electrons extracted with the H- ions was reduced by 

a factor of ten for cesium-seeded operation. 

Future Research Ootions 

If pursued, further development of U- ion sources will allow 

extension of neutral beam based diagnostics to larger and denser 
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fusion devices, and create a backup to 0- based current drive. 

Continued work on U- ion sources is needed to demonstrate steady 

state operation at high plasma densities, while maintaining or 

improving the dimer fraction in the ion source. The use of the 

lithium discharge model developed in chapter 2 'should provide the 

information needed to produce a successful improved source design. 

Continued work on the new type of surface production H- ion 

source is certainly necessary. This type of source may provide the 

answer to the needs of neutral beam based current drive. There are 

many areas that require further exploration. The energy spread of 

the extracted H- ion beam during cesium or barium-seeded 

operation needs to be measured, in order to confirm the suspicion 

that the transverse energy of the H- ions in these sources is low. 

Operation of the barium-seeded discharge with low source H2 

pressures, at high power, and steady state, needs to be 

demonstrated. There exists substantial room for improvement. 

The best wall temperature and coating thickness should be 

investigated. The geometry of the ion sources was optimized for 

vo~ume production. An ion source geometry relevant to H

production on the anode surfaces should be designed. Thus, the 

outlook is promising for significantly improved H- ion sources . 
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Appendix I Rate Constants for the Lithium Ion Source Model 

This appendix details how the values of the various rate 

constants and other constants were evaluated. The dissociative 

attachment (O.A.) reaction is given by: 

Li 2 (v *) + e- ~ U + U-, (A 1 - 2 ) 

where Li2(v*) denotes a vibrationally excited molecule. The 'rate 

constant' (kd) is simply that given by McGeoch and Schlier without 

modification.4o However, it should be noted that this 'rate 

constant' considers only low energy electrons « 0.5 eV). 

Consequently, it is multiplied by a factor (S1 or S2) denoting the 

fraction of electrons with energies less than 0.5 eV. These factors 

are calculated by evaluating the fraction of electrons in this 

energy range for a maxwellian distribution of a specified electron 

temperature 

The vibrational excitation of the lithium molecule by electron 

impact proceeds as: 

(A 1 -2) 

and has been analyzed by Wadehra and Michels.29 The rate constant 

for this reaction (ke) was also computed by McGeoch and Schlier.43 

Their rate constant included only the exothermic vibrational states 

for dissociative attachment. For H-, the dissociative attachment 

cross section is also very large for endothermic states such as v = 
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6-9. 26•27 For lithium, the vibrational state equivalent to the v = 6 

state in hydrogen was considered as the lowest state of 

importance for D.A. The equivalent state was determined by 

multiplying the threshold electron energy for D.A. in H2 (v· = 6) (1.0 

eV), by the ratio of the molecular binding energies (1.06 eV/4.52 

eV). This gives an equivalent threshold energy for the lithium 

system (0.234 eV), which corresponds to an energy just above v = 5 

in lithium. Hence, all vibrational states from 6 on up are used to 

model the D.A. reaction for lithium. The rate constant (ke ), given by 

McGeoch and Schlier, was· then multiplied by the sum of the cross 

sections for vibrational excitation of Li2 to states from 6 on up 

(given by Wadehra and Michels), and divided by the sum of the cross 

sections of the states used by McGeoch and Schlier (10 on up). This 

gives a factor of 2.4 increase in the excitation rate constant used 

by McGeoch and Schlier (5x10-9) resulting in ke .. 1.2x10-8 cm 3s-1. 

Loss of vibrationally excited lithium molecules via wall 

collisions is given by a frequency n .. 2x10S/a cms-1, where a is a 

characteristic dimension of the ion source.40 This is Simply used 

with a source dimension of 2 cm to obtain n .. 1 x1 aS S-1. 

De-excitation of vibrationally excited lithium molecules by 

collisions with atoms proceeds as 

(A1-3) 

with a rate constant kR of 1 x1 0-9 cm3s-1 given by McGeoch and 

Schlier. This rate constant assumes complete 'de-excitation in a 

single collision. However. it is known that this process involves a 

141 



statistical sharing of energies and that the lithium molecule on 

average retains 50-600/0 of the total energy as internal energy.42 

Considering that lithium atoms have some energy (-0.1 eV for 

evaporation at 1100 OK). and that the internal energy of Li2(V*) is 

-0.4 eV (v ~ 10). it appears that the internal energy lost by this 

process is small. As a conservative estimate. two collisions will 

be assumed effective in de-exciting Li2(v*). which cuts the above 

rate constant in half and gives kr = Sx10-10 cm3s- 1. 

Lie ions can be lost by mutual neutralization 

Li- + Li+ ~ 2Li. (A 1-4) 

and by electron collisional detachment. 

Li - + e- ~ Li + 2e- . (A1-S) 

Mutual neutralization proceeds with a rate constant kM of 1 .Sx1 0- 7 

cm3 s- 1.44 This rate constant has not been modified from that used 

by McGeoch and Schlier. Detachment is important when energetic 

electrons are present. The cross section for this reaction is large45 

and results in a 'rate constant' kd of 2.7x10-S cm3s- 1 for electrons 

with energies of 5 eV or greater. The fraction of electrons with 

these energies in the first chamber is designated f1, and is simply 

assumed to be -0.05. 

The velocities ascribed to the excited molecules and negative 

ions are important in order to calculate the average Li2(v*) density 

in the second chamber, and the extracted Li· current density 
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respectively. The Li2(v*) molecules are assumed to be in thermal 

equilibrium with the hot part of the wall surface of the ion source. 

This is reasonable since the hot part of the wall is the source of 

Li2' and because of the short lifetime of Li2 due to the high wall 

collision rate. The Li2(v*) velocity (~ is then calculated by 

computing the average velocity of a maxwellian distribution of Li2 

at the wall temperature. This average maxwellian velocity is given 

by: 

Y.. = (8kThtM) 1/2, (A1-G) 

where M is the mass of the particle of interest. In reality, the 

actual temperature of the Li2(v*) molecules is not known, but the 

wall temperature is a good approximation. 

The thermal or random velocity of negative ions in a 

discharge is not well understood. As previously mentioned in 

Chapter 2, there are many possible reasons for the high H- ion 

temperatures commonly observed in extracted H- ion beams. Since 

it is not the purpose of this thesis to solve this riddle, the 

negative ion temperature is simply assumed to be the same as the 

positive ion temperature (related to T e). Although this is a common 

assumption in H- ion source models, it is not presently justifiable 

in terms of the atomic phYSics. However, since the negative ions 

are formed in the spatially varying fringing magnetic field of the 

filter, it is likely that the ion temperature is dominated by the 

effects of the nonuniform space potential, which tends to scale 

with T e. The velocity for the negative ion is then calculated in the 

same manner as for Li2(v·) given above. 
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