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Abstract

Sources of Li" ions are needed for diagnostic neutral beams for
fusion research. Previous efforts to generate Li" beams have focused on
electron capture in a gas or production on a low work function surface in a
plasma. Volume production of Li" by dissociative attachment of optically
pumped lithium molecules has also been studied. This paper presents
experimental results for volume production of a Li" ion beam from a
plasma discharge. These results show that a discharge source of Li* ions
can provide suitable current densities for diagnostic beams. A theoretical
model for the formation of Li" ions from Li, molecules in the lithium
discharge is developed. The model is in good agreement with the
experimental results and shows favorable parameter scalings for further

improvement of the Li~ ion source.
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INTRODUCTION

Sources of Li" ions are needed to generate efficient neutral beams
with energies in excess of 150 keV per nucleon for fusion research.!
Fusion plasma diagnostics using Li- ions to generate high energy neutral
beams of Li° with energies of .5 to 5 MeV have been proposed.2.3
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).4.5 If such a system were implemented on a large
tokamak, such as ITER, beam energies of 1 to 2 MeV per nucleon would be
desirable.® It has also been proposed to use a neutral lithium beam to
measure the velocity distribution of fast confined fusion alpha particles.2
Therefore the development of Li" ion sources is of considerable interest
for fusion applications.

A great deal of work has been devoted to H* (D") ion source
development and the relevant atomic processes. Due to the similarity of
the H” and Li" systems, it will be 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 Li molecules which are in the minority,
because of the small binding energy of the Li, molecules (1.06 eV). The
dimer molecules are important, since H™ and Li" ions are believed to be

formed in the volume predominantly by dissociative attachment:7.8.9,10

Ho(v*) + e - H + H, (1)



Lio(v*) + e — Li + Li", (2)

where X(v*) denotes a vibrationally excited molecule. The lack of Li,
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.
. ION RCE DESIGN AND OPERATION

A successful preliminary investigation of volume Li° production in a
plasma discharge has been reported previously.!'! In this report, these
results are expanded upon with further experiments and a model for ion
source operation. An alternative approach, volume production of Li" ions
by optically exciting high vibrational states in Li, molecules, which
subsequently dissociatively attach to low energy electrons produced by
photoionization, has been demonstrated by McGeoch and Schlier.12
However, it is generally more economical to produce Li" ions in a
discharge, since the efficiency of electron impact excitation or ionization
can be much higher than that of corresponding photon processes.
Demonstration of current densities in the mA/cm2 range would be
required for diagnostic purposes, and the experiments described here show
that this is feasible.

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. 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. The use of 16



columns, as opposed to a smaller number, allows a larger 'field-free'
region (B < 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 cobait 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 (i.e. a 'tandem discharge'). The filter magnets provide a
transverse magnetic field (B = 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.

Inside the source chamber is a heat shield constructed of
molybdenum sheet metal (7.6x10-3 cm thick), which forms the wall
surface. Initial experiments used solid lithium placed in the discharge
chamber as the source of lithium vapor for the discharge. A lithium
discharge was initiated by using a low power argon discharge to heat the
ion source wall, which evaporated some of the lithium. 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.
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.

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 spectrometer!3 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,'4 which generates a B 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 the current is measured. The remaining
beam, composed solely of negative ions, is collected in a Faraday cup.
This arrangement, schematically represented in Fig. 1, provides the total

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

Il. EXPERIMENTAL MEASUREMENTS FOR DISCHARGE EVAPQORATION OF LITHIUM
A. 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. 2(a) shows the mass spectrometer output signal for the positive
extracted ion beam. 6Li*, 7Li*, and Li>* are present in the beam, with
7Li* composing ~81% of the beam current. The small peak at mass 13 is
presumably Lis*™ 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. Lix* ions compose ~12.3% 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 must be taken into
account. In an ion source with a positive plasma potential such as this
one, ions reach the extractor with the ion acoustic speed. The ion
acoustic speed is inversely proportional to the square root of the ion
mass, therefore Lix* ions have a velocity that is 2-1/2 that of 7Li*. Hence
the percentage of Lip* ions in the ion source is ~18.4%. 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 Liy 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 ~0.67.15 Hence, to infer the



percentage of Liy 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 Li> in the neutral species in the ion source.
The preceding calculation is subject to some error due to the use of 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).'s
B. Neutral Lithium Density in the lon 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. 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 voitage 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

~1.6x1014 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 during discharge operation
(wall temperature ~673°K), corrected for the change in ion source
temperature, was ~1.1x1014 cm-3.

To determine the neutral lithium density, the ratio of lithium to
argon ionization cross sections and ion velocities is needed. For an
electron energy of 20 eV (primary electron energy), the ratio of cross
sections is 7.6.15 The velocity ratio is given by the inverse of the squaré
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 approximately 3.8x1014 cm-3, which is

equivalent to the equilibrium lithium density for a temperature of 850°K.
C. Negative lon Species and Beam Current

Fig. 2(b) shows a mass spectrometer trace of the ion species in the
extracted negative ion beam. Only Li" ions (both 6Li" and 7Li") were
detected. Under normal operation no H™ or O impurities were found in the
extracted beam. Hence, the negative ion current measured by the Faraday
cup was Li" 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 current measured was 14.9 pA (corresponding
to a current density of 1.9 mA/cm2) for a discharge 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.



D. Plasma Density in the lon 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
beém. This ratio can _presumably be improved when the magnetic filter
geometry is optimized.'®. 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 temp'erature 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, where T, was found to have a value of 0.35 ,,

eV.14 The density in the extraction region is given by:
ng = 4l/(evA), (3)

where | is the electron current, e is the electronic charge, v is the
thermal electron velocity (8KTg/mmg)1/2, my is the electron mass, and A
is the extraction area. Using the appropriate values for Tg, A, and |, an
electron density of 3x1011 c¢cm-3 is obtained. This is the extraction

chamber plasma electron density.

lIl. Experiments 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 operation at high temperatures, up to
1300°K, 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
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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 connecting the oven to the ion source, which itself is
quite small. The oven, with a volume of ~8 cm3, 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 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). The top of the oven was wélded 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
operating temperatures. When the copper vacuum housing of the oven
assembly was connected to the ion source, the top of the transport tube
fit into a hole in the heat shield of the ion source as shown in Fig. 3.

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 ~1270°K, the oven required about 180 W and 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. 4 (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 ~1100°K. 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 Li~ ion output
shown in Fig. 4 (b), when the source is operating at the same conditions
except for an arc current of 2 A. With a low neutral density and a low
dimer fraction, a low Li" current density is observed as expected.
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
over 1000°K, 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. 4 (b). The impurity problem could presumably be
corrected, however, the dimer fraction would still be unacceptably low.
This indicates that dimers created by evaporation in the discharge are

needed to achieve reasonable current densities.
IV, AMODEL FOR THE LI” ION R

To model the filtered multicusp ion source for the case of a lithium
discharge, a rate equation approach similar to that of McGeoch and
Schlier'2 was taken. However, the dimer fraction will be inferred from

experimental measurements, and modeled separately in a later section.
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The electron collisional detachment process has been included, and a two-
chamber system modeled rather than a single discharge region. With these
modifications, the Li" ion density and extracted current will be modeled

for various discharge conditions.
A. Modelling of the First or Source Chamber

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'
(Tg). Production of Lia(v*) is assumed to be predominantly via electron
collisions which result in electronically excited lithium molecules (Lis*)

that radiatively decay into vibrationally excited states.
Lig + @ = Lix" + e - Lia(v*) + e + hv . (4)

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.'” To model this process, 10% 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 (4)
proceeds with a rate constant of kg = 1.2x10-8 cm3s-1 for all electrons.
Calculation of the rate consiants is detailed in the Appendix.

Lio(v*) is lost through wall collisions at a rate Q, which is
dependent on the ion source geometry, but for comparison with
experimental results it is calculated to have a value of 1x105 s-1. Wall
collisions are assumed to completely de-excite Lis(v*), since the sticking

coefficient for lithium on surfaces is approximately unity by analogy with
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sodium,'8 as was assumed by McGeoch and Schlier.12 De-excitation via

atomic lithium collisions proceeds as:
Lia(v*) + Li - Lip + Li, (5)

with a rate constant k. of 5x10-10 ¢m3s-1.19

Li" ions are created via dissociative attachment as illustrated in
equation (2). This process has a 'rate constant' kp of 2x10-8 cm3s-1 for
low energy electrons.20 The fraction of electrons with low energy,
suitable for dissociative attachment, in the first chamber is designated
S1. St is calculated by integrating a maxwellian electron distribution,
with temperature T4, from zero energy up to a limiting energy where kp |
becomes small by analogy to hydrogen.

Li® ions are lost by mutual neutralization
Ll + Li+ —» 2L, (6)
and electron collisional detachment:
Li"+e - Li + 2e . (7)

Mutual neutralization proceeds with a rate constant ky of 1.5x10-7
cm3s-1.21  Electron collisional detachment, using a calculated cross-
section for electron detachment,22 proceeds with a rate constant kq of
2.1x10-7 cm3s-1 for an electron temperature of 1.4 eV. This may
underestimate the actual rate constant, since the contribution of the
primary electrons is ignored. Li" ions are electrostatically confined by
the positive plasma potential, and thus are not lost via wall collisions.
The negative ions created in the extraction region can gain random

energy through several mechanisms, such as collisions with ions, locally
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varying plasma potentials due to the magnetic field of the filter, or poorly
optimized extraction from the ion source. These higher Li" ion energies
can be similar to the energies of the positive lithium ions in the
discharge. Thus, for simplicity it will be assumed that the Li" ions have
the same translational energy as do Li* ions.

Using the rate constants for the above processes, rate equations for
the Lix(v*) and Li" densities can be formulated. The neutral atomic and
molecular lithium, Lix(v*), electron, and Li" densities are represented by
n{, N2, N2*, ne, and n- respectively. For the vibrationally excited lithium

molecules, a rate equation can be stated as,
dn2*/dt = kenang - ken2*ny - kpna*negS1 - Qno*, (8)
while for negative lithium ions the equation becomes:
dn-/dt = kpn2*"neSq - kmn-(n- + ng) - kgn-ne . (9)

In equation 9 the positive ion density (n+) is given by (n- + ng) through
charge neutrality.

In steady-state operation and assuming spatially uniform ‘
conditions, the derivatives vanish and the equations can be solved for no*
in terms of nq, n2, ne, and Sy; and for n- in terms of ne, n2*, and Sj.

Solving for n2*, one arrives at:
n2* = (kenN2ng)/(kin1 + kpneS1 + Q) . (10)
For n-, the following equation is obtained:

n- = (ne/2){[A2 + 4kpnz*S1/(kmne)]12 - A}; (11)



where A = (1 + kg/km). To calculate the extractable Li- ion current density

(J), the average velocity (v) of the Li" ions (calculated in the Appendix)

is used:
J* = qnw/4, (12)

where g is the electronic charge. These equations apply for a single-

chamber discharge.
B. Modelling of the 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,!4
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 the second chamber are
essentially the same as for the first chamber, with a few modifications.
These include setting ke and kg 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 Hiskes?.8 for modeling H" ion
sources. Since there is no volume source term for Liy(v*), the rate

equation becomes:
dna*/dt = -ken2"nq - kpna*neSa - Qno*, (13)

where Sz is the fraction of the electron population with energies low
enough for dissociative attachment. This results in an exponentially

decaying n2* population along the axial (z) direction. Let vo* be the

15



16

average velocity of the excited molecules. By dividing both sides of

equation (14) by v2* and integrating over z, an axial dependence of n2* can

be determined.

n2*(z) = n2*(0) exp[-(ken1 + kpneS2 + Q)(2/v2*)] . (14)

In equation (14), z=0 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 in this case we cannot expect a spatially
uniform density of Lip(v*) in the first chamber. For a given extraction
chamber length, an average value of na* can be calculated. This is given
by:

<n2*> = n2*(0) (1/Xzmax)(1 - exp(-ZZmax)), (15)

where ¥ is (krny + kpneS2 + 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:
n- = (ng/2){[1 + 4kp<na*>Sa/(kmng)]1/2 - 1}, (16)

where ng 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, the plasma
density in both regions, and the 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 Li output

will be explored.



C. Resuilts for the Lithium lon 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, the plasma density and T, for both chambers must be
known in order to evaluate the equations. It has been observed
experimentally that the plaéma density in the extraction chamber is
approximately a factor of five lower than in the first chamber for an jon
source with a strong magnetic filter.23 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 muiticusp ion source, i.e. 1.4 eV in
the first chamber and 0.35 eV in the second chamber, operating with
hydrogen, are used as representative values.!4

Other data needed to complete the solution are the neutral atomic
lithium density (taken as 1015 em-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
700°K and used for neutral velocity calculations), and the extraction
chamber length (taken as 4 mm and used in the experiment). With a
complete set of data, the scaling of Li" current density with various
parameters can be evaluated.

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
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important to evaluate the scaling of current density with the electron
density. Fig. 5 is a graph of the Li" current density as a function of the
electron density in the first chamber (ng1). The second chamber electron
density (ne2) is, as previously mentioned, taken to be 0.2ngi. 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. 5 by a very slight droop in the
current density plot at the highest electron densitieé. 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 is very favorable for improved operation at higher
discharge power.

The fraction of Liy in the neutral population is expected to be a
critical parameter in the lithium ion source. In equilibrium, the fraction
of Liz 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).24¢ Fig. 6 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 Li, 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.



Another important experimental variable is the neutral density in

the source. Low neutral 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. 7.
The behavior of the single and two-chamber systems are distinctly
different as the density is increased. The current density in a single
chamber system initially increases rapidly until saturation sets in at
about 5x10'4 cm-3. Saturation is due to the de-excitation of the
molecules by collisions with atoms. Likewise, the two-chamber system
output decreases after peaking at about 5x1014 cm-3. Since the electron
density is lower in the second chamber, the atomic de-excitation rate
overtakes 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.

The second-chamber electron temperature is also an important
parameter for negative-ion production in the two-chamber system.
Although the measured T, is very low for strongly filtered systems (0.35
eV), Fig. 8 shows that further decreases in To 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. |f
Te 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 current density in a single chamber system will decrease
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substantiaily for higher Tq, due to the reduction in the density of
electrons with 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. Both the electron density and molecular fraction
should be increased as much as possible. The second chamber T, 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.

In addition to maximization of the negative ion current density, the
minimization of 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 voitage 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, 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 Li" current densities appear achievable with the tandem
discharge geometry. Current densities of several mA/cm2 can be produced
in fhe 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 observétions. The
following section will model the Li, surface formation process in order to
determine how molecules are predominantly formed and whether the 10%

figure can be explained and possibly improved.

D. Model for Dimer (Lip) Formation in the lon 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.25 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 form.ation.

There are several methods to create high dimer fractions in alkali
metal vapors. One of the best 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.'2 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. An
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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 evaporation
can be greatly reduced by making most of the ion source wall relatively
cold (Twan < 750°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.26 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 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
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sticking coefficient of lithium is approximately unity, any lithium atom or

molecule which 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 rate of condensation (in

atoms) can then be given as:
Recon = (n1vy + 2nova)A/4, (17)

where vy is the average velocity of the lithium atoms, vo the average
velocity of the dimers, and A is the wall area of the ion source.

The rate of atomic desorption is given by:27
Rdet = Kim, (18)

where m is the surface concentration of lithium atoms, and Kq is a rate

-constant which is approximately given by:

K1 = (2rkT/h)exp(-Ea/kT), (19)
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where k is Boltzmann's constant, h is Planck's constant, and E; is the
adsorption energy of a lithium atom on the wall surface. The molecular

desorption rate (in atoms) is given by:27
Rde2 = Koam2, (20)
where Kz is given by:
K2 = Sm(2nkT/h)2(anT)1/2(p2/p12)exp(-2Ea/kT), (21)

where Sm is the molecular sticking coefficient (also approximately 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. E3 is a function of m in the low coverage limit and has been
measured for lithium on tungsten,28 since no other similar data are
available, a tungsten wall surface will be modeled in all calculations.
Values of py and pz have been tabulated as a function of temperature.25
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 and the corresponding
fractional area‘where evaporation takes place. The adsorption energy is
taken as 1.56 eV (Ref. 28) for a one-monolayer coverage of lithium on
tungsten. This coverage is near optimal for dimer production since lower

coverages have a higher adsorption energy.

E. Resuits for the Dimer Model

Fig. 9 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, for a



neutral lithium density of 1015 cm-3. As the temperature is increased,
the evaporation rate rises steeply. In order to maintain a fixed density,
the fraction of the hot wall surface is decreased to balance the
evaporation and condensation rates. This is shown in Fig. 10 where the
hot wall temperature is plotted against the fractional hot area. These
results indicate that the optimal situation is to minimize the hot wall
area, and use the highest temperature that maintains at least one ML
coverage of lithium on the tungsten surface. Dimer fractions of greater
than 10% seem feasible without exotic lithium plumbing and at reasonable

source neutral densities.

V. COMPARISON OF THEORY AND EXPERIMENT FOR LJ" ION PRODUCTION

With the experimental parameters calculated previously, a
comparison between the theoretical model of the lithium ion source and
experiment can be made. The experimental parameters were an electron
density 3x1011 cm-3 in the extraction chamber (or 1.5x1012 cm-3 in the
first chamber for the model), 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 mA/cm2 for a tandem discharge. This
is in close agreement with the experimental value of 1.9 mA/cm2. It
should be noted that this 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 Li* current density. Experimentally, the Li" ion output drops
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to a negligible value without the presence of the magnetic filter. This
implies that the model may in fact be underestimating the electron
collisional detachment rate, which did not include the contribution of
primary electrons. This results in an overestimate of the single-chamber
Li® output, but does not affect the tandem discharge results. The single-
chamber result is consistent with the assumption of dissociative

attachment as the dominant Li" ion formation mechanism.

VI. CONCLUSION

The results of experiments on a small multicusp Li" 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 to improve and maintain a high dimer
fraction and supply of lithium to the ion source. However, there are no
outstanding technical problems involved in doing so. It also appears, using
the ion source model, that a substantial improvement in Li" current
density can be achieved with increases in the plasma and dimer density.
Thus Li" ion sources suitable for diagnostic applications can be achieved

with only modest additional development.
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APPENDIX  BATE CONSTANTS FOR THE LITHIUM ION SOURCE MODEL

This appendix details how the values of the various rate constants
and other constants were evaluated. The 'rate constant' (kq) for the
dissociative attachment (D.A.) reaction (Eq. 2) is simply that given by
McGeoch and Schlier without modification.'2 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 (Eq. 4) has been analyzed by Wadehra and Michels.'? The rate
constant for this reaction (kg) was also computed by McGeoch and
Schlier.2  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 = 6-9.29
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 Ha(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 (0.23 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

27
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Schlier, was then muiltiplied by the sum of the cross sections for
vibrational excitation of Liy 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 kg = 1.2x10-8 cm3s-1.

Loss of vibrationally excited lithium molecules via wall collisions
is given by a frequency Q = 2x105/a cms-1, where a is a characteristic
dimension of the ion source.'2 This is simply used with a source
dimension of 2 cm to obtain Q = 1x105 s-1.

De-excitation of vibrationally excited lithium molecules by
collisions with atoms (Eq. 5) proceeds with a rate constant k, of 1x10-9
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 statistical sharing of energies and that the
lithium molecule on average retains 50-60% of the total energy as
internal energy.'® Considering that lithium atoms have some energy (~0.1
eV for evaporation at 1100 °K), and that the internal energy of Lio(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 Lis(v*), which cuts the above rate constant in
half and gives k; = 5x10-10 cm3s-1.

Li" ions can be lost by mutual neutralization (Eq. 6) and by electron
collisional detachment (Eq. 7). Mutual neutralization proceeds with a rate
constant kym of 1.5x10-7 cm3s-1.2! 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
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is large22 and results in a rate constant kg of 2.1x10-7 cm3s-1 for an
electron temperature of 1.4 eV.

The velocities ascribed to the excited molecules and negative ions
are important in order to calculate the average Lix(v*) density in the
second-chamber, and the extracted Li* current density respectively. The
Lia(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 Li, and because of the short lifetime
of Lip due to the high wall collision rate. The Liy(v*) velocity (v) is then
calculated by computing the average velocity of a maxwellian distribution
of Li; at the wall temperature. In reality, the actual temperature of the
Lio(v*) molecules is not known, but the wall temperature is a good
approximation. The Li* velocity is calculated in the same manner using ‘
the first chamber electron temperature as a representative value for the

ion temperature. . '
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Fiqur ion

A schematic diagram of the lithium ion source.

Mass spectrometer signal showing the the beam species for (a)
the positive ion beam and (b) the negative ion beam.

A schematic diagram of the lithium oven and ion source.

Mass spectrometer signal showing the the beam species for (a)
the positive ion beam and (b) the negative ion beam when
operating with the lithium oven.

A plot of the Li" current density as a function of the first
chamber electron density

A plot of the Li" current density as a function of the percentage
of lithium vapor in the form of molecules.

A plot of the Li" current density versus the atomic lithium
density

A plot of the Li" current density as a function of the second
chamber electron temperature

A plot of the percentage of lithium neutral particles evaporated
as molecules versus the temperature of the hot wall surface.
A plot of the fractional hot area of the wall surface required to
maintain a constant neutral density as a function of the

temperature of that surface.
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