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Abstract
A versatile, new concept, spherical-geometry, positive (negative) surface-ionization source has
been designed, fabricated, and initial tests completed which can operate in either positive- or
negative-ion beam generation modes without mechanical changes to the source. The highly
permeable, composite Ir/C has an intrinsic work function of <p = 5.29 eV and can be used directly
for the generation of positive-ion beams of highly electropositive elements. For negative-surface
ionization, the work function is lowered by dynamic flow of a highly electropositive adsorbate
such as Cs through the ionizer matrix. The results of initial testing indicate that the source is
reliable, stable and easy to operate, with efficiencies for Cs+ estimated to exceed 60% and as high
as ~ 50% for F generation. The design features, operational principles, and initial performance of
the source for generating Cs+ and F~, when operated with Cs, are discussed in this article.
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1.0 Introduction
Ion sources based on the surface-ionization principle are generally characterized by a high degree
of ion beam purity, low energy spread, and limited range of species capability. The ionization
efficiency can be very high or low, depending on the electrochemical character of the species in
relation to the work function of the ionizing surface. The energy spread of the ion beam is
characteristically very low and is of the order of thermal energies ~ 2kT ( « 1 eV). Surface
ionization sources can be described according to the means by which the atomic or molecular vapor
is fed onto the ionizing surface and the method used to extract the ions. Ionization can be effected
by impinging vapor onto a hot metal surface or allowing the vapor to diffuse through a porous
matrix. For efficient positive ionization, the work function of the metal must be high and several
metals may be chosen for this application.
Positive surface ionization has been utilized for a number of applications, including: sputter-type
negative-ion sources, enhancing negative-ion yields for secondary ion mass spectrometry (SIMS)
applications, microfocused ion beam applications, and space-craft propulsion. Several examples
of this type of source are described in Ref. 1. The surface-ionization process is also highly
chemically selective and. therefore, can be used to great advantage for radioactive ion beam (RIB)
applications where isobaric contamination problems may be important. Therefore, the surface
ionization source has also been utilized to generate low-energy positive RIB beams at ISOL
facilities (see, e.g., Refs. 2-4).
In contrast to positive surface ionization, the work function must be low for efficient negative
surface ionization. Negative surface ionization has not been utilized frequently as a means for
production of ion beams - principally due to the lack of chemically stable low-work-function
materials for use as ionizers. LaB6 is the most frequently used low-work-function surface ionizer,
having a work function ranging between 2.3 and 3.2 eV [5-9]. A few sources based on the use of
LaB6 ionizers have been described in the literature (see for example, Refs. 10-12). Unfortunately,
LaB6is easily poisoned [13] which affects the reliability of operation of sources equipped with this
material [11]. Despite this problem, LaB6 has also been used at ISOL facilities for negative-ion
generation of high-electron-affinity radioactive species with some success (see for example, Refs.
2 and 12). In principle, the negative surface complement of the ionization source described in this
report, overcomes the handicap of being easily poisoned because of the continuously renewable
supply of a work-function-lowering agent.

2.0 Ion Source design
The design features of the positive (negative) surface ionization source under evaluation for
potential use at the HRIBF [14] are schematically illustrated in Fig. 1. The source is intended to be
used as a complementary replacement for the electron impact ionization sources presently in use at
the HRIBF [15,16] for pending RIB generation and, therefore, is designed to mount in the same
vacuum envelope. For RIB generation, collimated 'H, 2D, 3He, and 4He ion beams from the Oak
Ridge Isochronous Cyclotron (ORIC) will pass through a thin window in the target material
reservoir where they will interact with the refractory target materials chosen for the production of
the desired radioactive beam. The species of interest are diffused from the target material which is
maintained at high temperature during the production process. The target material reservoir is
positioned within the inner diameter of a series-connected, resistively-heated, Ta tube designed to
reach temperatures exceeding 2000 °C. The power required to heat the target reservoir assembly to
this temperature is ~ 2.25 kW (4.5 V at 500 A). The ionizer and vapor transport tube are heated
resistively to ~ 1100°C-1450°C, depending on the critical temperature required to evaporate the
species of interest in ionic form, by passing a current through the tubular structure. The source can

be used directly as a positive surface ionization source. Ionization occurs as the particles are
evaporated from the surface of the highly permeable, spherical-geometry ionizer. The cathode
(anode) assembly electrode structure is insulated from the source housing so that a (positive)
negative potential up to ± 1 kV can be applied for initial acceleration of ions formed on the hot
ionizer surface. The electrode structure is designed to focus the ion beam through the ion exit
aperture of the cathode(anode), where it is further accelerated to energies between ~ 20 keV and 50
keV.
When operated in the negative-surface-ionization mode, the work function is lowered to some
nominal value by feeding a highly electropositive vapor through the permeable matrix. Conversion
to the negative mode is made by applying power to an external oven containing the work function
lowering agent. In principle, this technique can be utilized for the efficient generation of negativeion beams from high-electron-affinity elements such as members of the group VQA elements (F,
CI, Br, I, At) and, perhaps, other members of the periodic chart, either in atomic or molecular
form. Several, penta and hexafluoride molecules, have high electron affinities (e.g., EA' (MoF5) =
3.3 eV; EA(MoF6) = 4.5 eV; EA (SeF6) = 3.0 eV; EA (TeF6) = 3.34 eV; EA(ReF6) = 3.9 eV; EA
(IrF6) = 4.3 eV; EA (WF6) = 4.3 eV; EA(UF5) = 4.0 eV; and EA (UF6) = 5.1 eV). The group VIIA
elements (halogens) all have high electron affinities (E A (F) = 3.4 eV; EA (Cl) = 3.6 eV;
EA (Br) = 3.66 eV; EA (I) = 3.076 eV). These atomic and molecular species, as well as an
extended list of other species, are candidates for ion beam formation though negative surface
ionization, provided that the dynamic flow technique is effective in producing a chemically stable,
low-work-function surface and does not introduce other problems associated with the negative ion
beam generation process.
For optimum efficiencies, the adsorbate should be fed at a rate commensurate with maintaining
- 0 . 5 monolayer of adsorbate on the surface (-1.3 x 1014 atoms/cm2). Ideally, the
electropositive species that is fed through the matrix should have a critical temperature that is higher
than that of the negative species in question. This would appear to be the case for evaporation of
Cs+ and F~ from a hot Ir surface where the respective critical temperatures are found to be
- 1450°Cand--1350°C.
Ionizer design. The spherical geometry ionizer (spherical radius: 2.5 mm; diameter: 6.25 mm)
is machined from a highly permeable, carbon-bonded-carbon-fiber (CBCF) matrix (fiber diameter:
- 6 |im; density - 0.125 g/cm3) and then coated with - 5 Jim of Ir by use of the chemical vapor
deposition technique (CVD) [17]. Since Ir has an intrinsically high work function (0 = 5.29 eV),
it is very efficient for positive surface ionization of the group IA members of the periodic chart (Li,
Na, K, Rb, Cs, and Fr) and group IIA elements at lower efficiencies. Figure 3 displays a
magnified section of the ionizer taken with a scanning electron microscope (SEM). Because of the
high permeability of the CBCF structure, the species of interest, can quickly diffuse through the
ionizer matrix. Surface ionization occurs as the particles are evaporated from the high work
function surface.
Ion Optics. The maximum ion beam intensity Ic that can be extracted from the source for a
species of mass M is governed by the space-charge-limited Child-Compton relation [18] for flow
between two closely-spaced concentric spheres maintained at a potential difference of V given by
(1)

where T\ = e/M is the ratio of the electronic charge e to the mass of the species, e0 is the permitivity
of free space and a is dimensionless parameter given by a = \i - 0.3/i2 + 0.075/z3 +... and
u. = log r/rc. Values for a are tabulated in a variety of references including Ref. 19. In Eq. 1, P c
is the perveance of the electrode system where the ions are formed and receive their initial
acceleration. The positive and negative ion optics of the ionizer electrode system for space-chargelimited operation of either source type are essentially identical. The ion optics of the system were
initially designed by use of the code described in Ref. 20. The trajectories and equipotentials, for a
20 keV space charge limited beam of Cs + , are displayed in Fig. 3. The perveance P c for Cs +
beams is found to be 8 x 10~10 [AN312] while for the lighter Fbeam, the perveance P c is 21 x 10"
10
[A/V3/2]. However, for use in RIB applications the extracted currents will be very low and the
concepts of perveance and space-charge- limited flow have no importance.
3.0 Theory of positive ion formation
Whenever an atom or molecule is near to or adsorbed on a hot metal surface, the valence band is
broadened. If the level is broadened to the extent that it overlaps the Fermi level of the metal,
electrons can move from the atom or molecule to the metal or from the metal to the atom or
molecule, depending on the electropositive/electronegative character of the atom or molecule in
relation to the work function of the metal surface. Thus, atoms or molecules may be emitted from
the surface as neutral atoms or molecules or in ionic form. The process whereby ions are formed
is referred to as surface ionization and obeys the appropriate positive or negative form of the
Langmuir-Saha equation. In principle, the technique can be used effectively to produce either
positive- or negative-ion beams from certain members of the periodic chart.
For thermodynamic equilibrium processes, the ratio of ions to neutrals that leave an ideal surface
can be predicted from Langmuir-Saha surface ionization theory. For atoms or molecules with first
ionization potential Ip, leaving a hot surface at temperature T and work function 0, the probability
of positive ion formation Pj is given by

(2)

where r + and VQ are the reflection coefficients of the positive and neutral particles at the surface, co+
and COQ are statistical weighting factors, and k is Boltzmann's constant. co+ and coo are related to
the total electronic spin S of the respective species given by
(0 =

where s\ is the spin on the i th electron. Optimum ionization efficiencies are obtained for highwork-function materials and low-ionization-potential Ip atomic species. For elements for which
Ip > 0, the process is much less efficient. For example, the work function for clean tungsten is
about 4.6 eV and the ionization potential for indium is 5.8 eV. Thus, in this case, the exponential
term (0-I p ) in the Langmuir-Saha relation is negative and, therefore, the probability of ionization

is low. The efficiency is relatively high for group IA elements, but low (10"2 or 10~3) for
elements such as In, Ca, Al, Ga, and Tl. The incident particles which are not ionized are
evaporated as neutral atoms. Surface ionization sources can be highly element selective due to the
fact that neighboring elements often have very different ionization potentials or electron affinities.
Equation 1 applies to an idealized situation' in which the surface properties are isotropic and there
are no surface contaminants. The work function 0 varies with crystalline orientation, and the
presence of minute amounts of certain contaminant materials on the surface can significantly alter
the local work function.
4.0 Theory of negative surface ionization
Analogously to the case for positive surface ionization, atoms or molecules can also be formed as
negative ions through surface ionization. The probability P, for leaving a metal surface as a
negative ion or neutral particle depends on the magnitude of the difference between the electron
affinity E A and the surface work function <p of the atom or molecule, i.e., (E A - 0). For
thermodynamic equilibrium processes, the ratio of ions to neutrals which leave an ideal surface can
be predicted from Langmuir-Saha surface ionization theory appropriate for negative-ion formation.
The form of the Langmuir-Saha equation for the probability of negative-ion formation of neutral
particles of electron affinity E A interacting with a hot metal surface at temperature T and low work
function 0 is given by
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where r_ and TQ are the reflection coefficients of the particle at the surface, and co_ and COQ a r e
statistical weighting factors for the negative ion and neutral atom, respectively. co_ and COQ are
again related to the total spin S of the respective species given by

where sj is the spin on the ith electron. From Eq. 3, it is evident that negative-ion yields can be
enhanced by lowering the work function 0 or increasing the surface temperature T for elements
where E A < 0. The former can be effected by surface adsorption of minute amounts of low-workfunction materials such as the group IA and IIA elements. Analogously, the adsorption of minute
amounts of highly electronegative atoms or molecules such as oxygen or the halogens can
deleteriously affect the negative-surface ionization efficiency by raising the work function.
5.0 Electropositive adsorbate-induced work function changes
It is well known that atomic adsorption of a dissimilar element on a clean surface affects the surface
work function. The magnitude and sign of the change depends on the chemical properties of the
adsorbed atom (adsorbate) and those of the host material (adsorbent). Electropositive atoms
decrease the work function while electronegative atoms tend to increase the work function. These

phenomena are exploited in SIMS as a means for enhancing both positive and negative secondary
ion yields.
Semiempirical relations have been developed which relate the work function change A0 to the
surface coverage 0 [21]. These relations can be used to predict, with good accuracy, the value of
the work function 0 over the complete range of adsorbate coverage (0 = 0 to 0 = 1). The equation
which expresses the functional dependence of 0 on 0 can be written as follows:

where 0o is the intrinsic work function of the sample and A0m is the maximum change in surface
work function induced by the adsorbate at optimum coverage 0 m . Figure 4 displays workfunction 0 versus 0 for' Cs vapor impinging on an Ir surface. As noted, the work function reaches
a minimum value of 0 = 1.43 eV at 0 = 0.5. At 0 = 1, the work function approaches that of the
intrinsic work function of Cs metal (0 = 2.18 eV).
The change in work function at low adsorbate coverages can also be approximated as a binomial
series expansion given by
V,

(5)

n=0

which is valid in the region 0 < 0 < 0.630,,, [21].
The approximate relation for computing maximum work function changes A0m that occur at
optimum fractional coverages 0m is given by
(6)

where 0o is the intrinsic work function of the surface before the adsorbate is added and IA and E A
are, respectively, the first ionization potential and electron affinity of the adsorbate material. The
empirical relation is found to reproduce, with good accuracy, maximum work function changes for
alkali metal and alkaline earth metal adsorption. From this expression, we note that for maximum
changes in work function A0m, the term 1/2(IA + EA) should be small. Thus, the choice of
adsorbate material is extremely important. Of the stable elements readily available, Cs is the most
effective element in the periodic chart for this application. The expression is valid for single
crystalline as well as polycrystalline materials. More details on the model and the accuracy of
Eq. 6 for predicting maximum work functions for a number of adsorbate/adsorbent combinations
are given in Ref. 21. Table I lists a few low work function surfaces, some of which are induced to
low values by adsorption of a fractional monolayer of a highly electropositive adsorbate material
while others are alloys or mixes of materials.

6.0 Adsorption/Evaporation
The Cs+ beam intensity is governed by the rate at which Cs atoms strike the ionizer surface and the
rate at which the ions leave the ionizer surface through evaporation. The rate of neutrals arriving at
the ionizer surface is governed by the vapor pressure of cesium in the reservoir, the conductance of
the vapor transport tube, and the temperature of the system. As the Cs oven temperature is
increased, more cesium vapor flows into the source body. This rise in absolute cesium pressure
causes more cesium to strike the surface of the ionizer, resulting in higher beam currents. The
number of neutral particles dN/dt striking the ionizer per unit area per unit time is given by the
familiar relation
(7)

where v is the average velocity of a cesium atom of mass M within the ionizer/transport tube
chamber at temperature T, n0 is the number of particles per unit volume within the chamber, and k
is Boltzmann's constant. The residence times t for Cs on Ir at 1450°C and 1350°C, estimated from
the Frenkel relation,
T = xQeH-lkT

(8)

are 220 |i.s and 865 JIS, respectively, (heat of adsorption Had = 3.3 eV [22]; t 0 = 5 x 10'14 s).
Analogously, the residence times for F on an Ir surface at the same temperatures are x = 65 (is and
301 JIS, respectively, where T.O is assumed to be i0 = 1 x 10"15 s and Had is estimated to be 3.7
eV.
The arrival rate of adsorbate particles per unit area dN/dt on a surface at temperature T is given by
dN

Eq. 7. The rate of evaporation of particles from the surface per unit area —
can be expressed as
dt
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(
h 4\nM
where S(T) is the probability of sticking to the surface, Z, Zad and ZYih are respectively, the
partition functions for the particle in the vacuum, following adsorption and vibrational state, AS" is
the change in entropy of the particle from the gas phase to the adsorbed state on the Ir surface. N
is the number of adsorbate atoms/per unit area, k is Boltzmann's constant, and Had is the enthalpy
of adsorption for the adsorbate/adsorbent combination. In steady state, the rates of arrival and
evaporation are just balanced. Equating Eqs. 7 and 9 and solving for N, we arrive at an expression
for the coverage N versus surface temperature given by

nofSkT\
h
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On a relative coverage basis, we define 9 = N/Nmax where N ^ is the adsorbate coverage where all
the available adsorbent sites are filled, corresponding to a coverage of 6 = 1. The work function is
typically minimized when 0m = 0.5. Substituting for 6, we have
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In this form, we can use Eq. 4 to estimate the work function change induced by the adsorbate
coverage, 6.
For purposes of illustrating the behavior of the coverage 0 versus temperature T, we apply
Eq. (11) to the case of Cs vapor impinging on a hot Ir surface. We assume that the upper pressure
p at which a typical electron impact ionization source can operate without compromising the
ionization efficiency of the source is p = 2 x 10"4 Torr, the Cs atoms stick with unit probability ,
i.e., S(T) =1, H ad = 3.3 eV, and that Nmax = 2.5 x 1014/cm2. In Eq. (11), we take the product of
the change in entropy and temperature T, AST, to be -0.40 eV. Figure 5 illustrates how the
relative coverage, 6, depends on the temperature of the sample surface, assuming that 6m = 0.5 at
1350°C.

7.0 Source performance: Positive ionization mode
The source (Fig. 1) was characterized in the positive surface ionization mode by feeding Cs vapor
from an external oven into the vapor transport tube of the source. The tube and ionizer assembly
were maintained at ~ 1450°C throughout the characterization studies for Cs + generation. The
principal objectives of these studies were to carefully characterize the source performance in terms
of intensity capability, ionization efficiency and reliability for potential use as an on-line RIB
source at the HRIBF. Operational parameters, essential for efficient operation of the source as a
positive surface ionizer, were derived from these studies. The parameters include: the
dependence of ion beam intensity on cesium oven temperature, on ionizer temperature, and on
extraction voltage. The dependencies of Cs+ beam intensity on Cs oven temperature and on ionizer
temperature are displayed, respectively, in Figs. 6 and 7. As noted, the Cs + beam intensity
versus Cs oven temperature exhibits a characteristic maximum at ~ 200°C. In order for cesium to
be thermally evaporated as ions from the surface, enough energy must be supplied to the ion to
overcome the heat of adsorption H ad . This energy is governed by the temperature of the ionizing
surface. For Cs on Ir, Had has the value of 3.3 eV [22]. As noted in Fig. 7, the optimum Cs + ion
beam intensity versus ionizer temperature exhibits a maximum value, or critical temperature at
~ 1450°C for Cs + ion evaporation and increases rather sharply when the critical temperature is
reached (~ 1450°C).

Flow rate of Cs from the reservoir to the ionizer. The flow rate dN/dt of Cs vapor
through a transport tube of length £ and radius a at temperature T can be calculated from the
modified Poiseuille flow equation (see, for example, Ref. 23) given by

BNkTl

Mv£

(12)

where p = (pf + Ph)fe 1S ^ average pressure across the tube of length t and Ap = pf-pb,
the
difference in pressures in the Cs reservoir pf and in the ionizer region of the ion source pb; v is the
average velocity of a Cs atom of mass M in the transport tube given by Eq. 7.
(The length of the transport tube t used during operation of the source was i = 43.6 cm and the
effective radius a of the tube was a = 0.0534 cm.)
We estimate the vapor pressure of Cs in the reservoir from a modified form of the ClausiusClapeyron equation which Telates the vapor pressure of Cs and temperature T of the reservoir [24]
through the relation
p(Torr) = 8.58 xlO 10 -!- 1 - 35 -^- 4041 / 7 ".

(13)

Vapor pressures calculated from this relation agree quite closely to computations determined by use
of codes such as Thermo-Calc [25].
The flow rates of Cs into the ion source at the corresponding reservoir temperatures are,
respectively, 4.57 x 1013 atoms/s (7.3 uA) at 185°C; 5.53 x 1013 atoms/s (8.8 |iA) at 190°C;
6.08 x 1013 atoms/s (9.7 uA) at 195°C; 8.33 x 1013 atoms/s (13.3 uA) at 200°C; 1.01 x 1014
atoms/s (16 |iA) at 205°C; and 1.83 x 1014 atoms/s (29.4 (lA) at 210°C, as calculated by use of
Eq. 12. (The equivalent Cs ion currents are also shown in parentheses.)
Cs* ionization efficiency estimates. If the supply rate of Cs through the Ir ionizer is greater
than the rate of extraction of ions from the source, the influence of space charge will reduce the
ionization efficiency of the source. Whenever the extraction potential is increased, then the ion
current versus extraction voltage deviates from the space charge limited flow regime and finally
reaches a saturation value where the particles are extracted as fast as they are formed. This region is
termed the temperature limited regime. The intermediate region between the space charge and
temperature limited ion current regimes is referred to as the transition region. These regions can be
easily distinguished in Fig. 8 from the low intensity curve. The saturation current, corresponding
to a Cs oven temperature of 180°C and an extraction voltage of- 600 V is 3.2 JIA, while that for a
Cs oven temperature of- 200°C and an extraction voltage of - 1000V, is -18 |iA. At saturation,
there is a balance between the rate of arrival of Cs vapor at the exit side of the ionizer and ion
extraction. By comparing the calculated Cs flow rates derived from Eq. (12) with the saturation ,
currents shown in Fig. 8, assuming no extraction or beam transport losses, the estimated ionization
efficiencies for the two cases are respectively, 43.8% and 61.2% for Cs + formation. However, if
we assume that 100% of the incident flux of neutral Cs atoms stick to the surface and there are no
straight-through loss channels, then all particles will be ionized at saturation.
8.0 Source performance:

negative surface ionization mode

When operated in the negative-surface-ionization mode, the work function is lowered to some
nominal value by feeding a highly electropositive vapor through the highly permeable matrix.

Conversion to the negative mode is made by applying power to an external oven containing the
work function lowering agent (in this case Cs). In principle, this technique can be utilized for the
efficient generation of negative-ion beams from high-electron-affinity elements such as members of
the group VILA, elements (F, Cl, Br, I, At) and, perhaps, other members of the periodic chart,
either in atomic or molecular form. For optimum efficiencies, the adsorbate should be fed at a rate
commensurate with maintaining ~ 0.5 monolayer of adsorbate on the surface (~ 1.3 x 1014
atoms/cm2). In order to be an efficient negative ion generator, the electropositive species that is fed
through the matrix must have a higher critical temperature than that of the negative species in
question. This would appear to be the case for Cs+ and F as suggested by the data derived from
these studies. Cs was chosen for lowering the work function because of its availability and ease
of use in the existing source structure. Other materials such as Ba, Eu, or Ce could also be used
for the same purpose; these particular materials are expected to have higher critical temperatures
than Cs+ for evaporation in ionic form. However, these elements will require more power to
vaporize and transport to the ionizer surface and be less efficient in terms of their theoretical work
function lowering capabilities.
Operational parameters, analogous to those for the positive surface ionization mode, were also
determined for the negative surface ionization mode. The complementary operational parameter
data derived from these studies which are critically important for operation of the source at
optimum conditions are the dependence of F beam intensity on Cs oven temperature, ionizer
temperature, target temperature and extraction voltage as displayed in Figs. 9, 10, 11, and 12.
From the data shown in Fig. 9, we observe that the F~ beam intensity rises with Cs oven
temperature in accord with that found for Cs+ which characteristically is found to have a maximum
at a temperature of 195-200°C. The critical temperature for F~ evaporation was found to be
1350°C. The ionizer was operated at this temperature throughout the F" characterization studies.
As noted, in Fig. 10, the F beam intensity versus ionizer temperature saturates at ~ 1350°C; this
data serves as the basis of the choice for operating the ionizer during the F measurements and
provides evidence that the critical temperature for F (1350°C) is lower than that for Cs + (1450°C),
a necessary condition for the negative surface ionization mode to be a viable means for efficient
generation of negative ion beams. The data shown in Figs. 11 and 12 indicate that the F negative
ion yields can be improved by increasing the target temperature (A1F3 vapor pressure) and
extracting the ion beam at higher voltages. In the present experiments, the extraction voltages were
limited to values < 300 V. A typical F mass spectrum is shown in Fig. 13. As noted, the mass
spectrum is very clean as is characteristic of the selective nature of the surface ionization process.
F~ ionization efficiency estimates. The A1F3 was placed in the target material reservoir of the
source and heated to ~ 500°C where a small fraction of the material was vaporized (vapor pressure
of the A1F3: ~ 2 x 10' Torr) and transported to the ionizer. Assuming no other vapor transport
mechanism, the thermally dissociated A1F component of the A1F3 is the source of atomic F for
surface ionization. Thermodynamic equilibrium calculations predict that only 2.4% of the A1F
vapor that is transported to the ionizer surface at a temperature of 1350°C and a partial pressure ofp
= 2 x 10'4 Torr will be dissociated [25]; this correlates to a flow rate of ~ 1.04 x 1010 F atoms/s.
Since an ion current of ~ 30 nA of F or 1.88 x 1011 ions/s was typically observed during the
measurements , another mechanism must be responsible for fluorine transport to the ionizer.
The presence of Cs, which was used as the work function lowering agent for testing the negative
surface ionization concept, also aids in the transport of atomic F to the ionizer surface. Cs reacts
spontaneously with A1F3 to form CsF which has a higher vapor pressure than A1F3. However,
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CsF does not dissociate very efficiently at the ionizer temperature (1350°C) and typical operating
pressure (p = 2 x 10"4 Torr) used during testing of the source for F~ generation. (According to
thermodynamic calculations, the dissociation fraction of CsF at 1350°C and 2 x 10"4 Torr is ~
0.86%) [25].) If we assume that the total Cs vapor flow equivalent is 13.3 pA (calculated from
Eq. (12) for a Cs reservoir temperature of 200°C) and that 50% of the Cs vapor reacts to form
CsF, then the ionization efficiency for F formation due to thermal dissociation of CsF is 52.3%.
Based on these rough estimates,, the efficiency for F~ formation is very high. However, more
definitive measurements must be made before arriving at a final conclusion on this important issue.

• 9.0 Conclusions
The surface ionization source has proved to be a stable, reliable, versatile, and efficient means for
generating beams of either highly electropositive or highly electronegative species without the
requirement of ionizer interchange. This flexibility makes it a viable candidate for use in several
research and applied science applications, including RIB generation. The source is also very
simple and relatively inexpensive, which is important for RIB applications where contaminated
sources that need repair must often be discarded. In addition, the source is designed so that parts
can be easily cleaned and interchanged during routine maintenance. The highly permeable ionizer
represents one of the principal achievements of these developments and is the first of its kind.
Because of the high permeability characteristics of the ionizer, the probability of ionizing lowionization-potential elements such as members the group IA elements during passage through the
matrix is very high. Off-line testing of the source has demonstrated that it can be used to efficiently
ionize feed materials such as Cs where measured ionization efficiencies exceeding 60% and spacecharge-limited beams exceeding 18 |iA have been realized. The source was found to be easy to
operate in the negative ionization mode with no evidence of poisoning effects which plague more
traditional negative surface ionization sources equipped with LaB6 ionizers [11, 13]. Preliminary
estimates suggest that this mode of operation is also quite efficient for highly electron negative
species such as F. Based on estimates for vapor transport and thermal dissociation of CsF, the
efficiency for F~ formation may exceed 50% for this mode of operation. However, because of the
complexities introduced by the addition of Cs, the poor dissociation properties of the feed materials
used in the testing of the source (A1F3 and CsF), further studies must be made, perhaps with other
work function lowering agents, such as Ba, Ce, or Eu, before a more definitive answer can be
given to its efficiency for F* generation. Research sponsored by the Oak Ridge National
Laboratory , managed by Lockheed Martin Energy Research Corporation for the U.S. Department
of Energy under contract number DE-AC05-96OR-22464.
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Table I. Low work function surface ionizers for
negative ion generation.
Minimum Work
Surface Material
Function
Ir/Re
3.7 eV
Ir/Cs
1.43 eV
Ir/Ce
2.33 eV
LaB6
2.66 eV
LaB6/Cs
2.06 eV
Ir/Eu
1.83 eV
Ir/Ba
2.08 eV
W/BaO/Rh/Os
1.5 eV
W/Ba
2.25 eV

13 .

Figure Captions
1. ORNL DWG 96M-7987. Schematic drawing of the self-extraction, spherical geometry,
Positive (negative) surface ionization source equipped with a highly permeable Ir ionizer.
2. ORNL DWG 96M-7986. Scanning electron micrograph (SEM) of the highly permeable,
Ir coated carbon-bonded-carbon-fiber (CBCF) ionizer with an intrinsic work function <p
= 5.29 eV. CBCF density prior to coating: 0.25 g/cm3; fiber diameter: ~ 6 |im. Ir
coating thickness: ~ 5
3. ORNL DWG 95M-8398. Ion optics of the spherical geometry positive(negative) surface
ionization source, shown schematically, in Fig. 1 as calculated by use of the computer
code described in Ref. 20. The perveance, P c , for the electrode geometry is
P c = 8 x 10' 10 [A/V 3/2 ].
4. ORNL DWG 96M-7985. Work function <p versus relative coverage 0 during adsorption
of Cs on an Ir surface.
5. ORNL DWG 96M-7983. Relative coverage 6 versus ionizer temperature for adsorption
of Cs on an Ir surface ionizer as calculated by use of Eq. 11. The product of the change
in entropy AS and temperature T from the gas phase to the adsorbed state is assumed to
be AST = -0.4 eV.
6. ORNL DWG 96M-7308(B). Cs + ion current versus Cs oven temperature. Ionizer
temperature: 1450°C; Extraction voltage: 600 V.
7. ORNL DWG 96M-7308(C). Cs + ion beam current versus ionizer temperature.
Extraction voltage: 600 V; Cs oven temperature: 200°C.
8. ORNL DWG 96M-7308(A)R Cs+ ion beam current versus extraction voltage. Perveance
P c for space charge limited flow of Cs+: P c = 8xl0"10 [A/V3/2]. O: Cs oven temperature:
200°C;A: Cs temperature: 180°C; Ionizer temperature: 1450°C.
9. ORNL DWG 96M-7309(B). F ion beam current versus Cs oven temperature.
Extraction voltage: -300 V; Ionizer temperature: 1350°C; Target reservoir temperature:
500°C; Feed material: A1F3.
10. ORNL DWG 96M-7309(A)R. F ion beam current versus ionizer temperature. Cs oven
temperature: 200°C; Extraction voltage: -300 V; Feed material: A1F3.
11. ORNL DWG 96M-7309(F). F" ion beam intensity versus extraction voltage. Cs oven
temperature: 195°C; Ionizer temperature: 1350°C; Target temperature: 500°C; Feed
material: A1F3.
12. ORNL DWG 96M-7309(E). F ion beam current versus target reservoir temperature.
Extraction voltage: -300 V; Ionizer temperature: 1350°C; Cs oven temperature: 200°C;
Feed material: A1F3.
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13. ORNL DWG 96M-7309(D). Negative ion mass spectra of beams extracted from the
positive(negative) surface ionization source, displayed in Fig. 1.
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