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A cesium surface ionization source of the type and geometry customarily used in conjunction with 
sputter-type negative heavy ion sources has been characterized. Measurements have been made of 
positive-ion production and probabilities of ionization as functions of extraction voltage and 
cesium oven temperature for ionizer porosities of 0.7 and 0.8. The perveance P of the source, when 
operated in the space-charge-limited regime with the p = 0.7 Po ionizer, is found from experiment 
to be 7.61 X 10-4 .uP, while that forthep = O.8poionizeris 1.92 X 1O-4IlP. These values are lower 
by factors of3.88 and 15.53, respectively, than those predicted by numerical solution to Poisson's 
equation for full area emission from the source. Positive-ion current versus ionizer temperature 
data are also presented along with mechanical design features of the source. 

INTRODUCTION 

Surface ionization sources of the porous tungsten ionizer 
variety are used extensively as integral parts of negative 
heavy ion sources as well as in positive-ion-source applica­
tions. For negative-ion-source applications, the surface ioni­
zation source is used to generate positive-ion beams from a 
Group-IA element such as cesium for sputtering a sample 
containing the material of interest. The presence of an elec­
tropositive material such as cesium or other Group-IA ele­
ments in or on the sample surface greatly enhances the prob­
ability of negative-ion formation during the sputtering 
process. ] Negative-ion sources, based on this principle, have 
taken a variety offorms including the original cone geometry 
source2 and variations thereof,3,4 an oblique incidence 
source,5 and inverted geometry negative-ion sources.6

•
7 

Many of these sources have been superseded by more recent 
developments such as described in Ref.s. 10--13. For a more 
comprehensive review of these and other negative-ion­
source developments, the reader is referred to the literature 
cited in Refs. 8-14. 

Several types of surface ionization sources have been 
developed for positive-ion generation. The source type is 
characterized by the means by which the atomic vapor is fed 
onto the ionizing surface as well as the method used to ex­
tract ions from the source. Perhaps, the most highly devel­
oped and, in many respects, the simplest type of surface ioni­
zation source is the porous ionizer type which utilizes an 
ionizer made of sintered tungsten. In this type of source, the 
atomic vapor is fed from an oven through a sealed tube to the 
ionizer surface. Some of the atoms which strike the inner 
surface are trapped by the surface and are subsequently dif­
fused through the thin porous tungsten ionizer where they 
are evaporated in neutral or ionic form. The source is espe­
cially suitable for the alkali metals (Cs, Rb, and K), which 
have high vapor pressures and relatively low critical tem­
peratures-the temperature required to evaporate the mate­
rial in ionic form. This type of ion source has also been highly 

developed for possible ion propulsion applications. 15 Surface 
ionization sources for the generation of Li+ or Na+ (Ref. 
16), and In+- (Ref. 17) ions have also been developed and 
characterized. The tungsten ionizer frequently used in these 
sources typically has a density of ~ 80% that of solid tung­
sten. 

Although negative-ion yields, emittances, operational 
parameters, and ion optics have been documented for many 
negative-ion sources which utilize cesium surface ionization 
sources, little information is presently available concerning 
the surface ionization source itself. For example, informa­
tion concerning the positive cesium ion generation capabili­
ties of the source in terms of source operational parameters is 
not generally available; also, the dependence of positive-ion 
current on ionizer porosity has not been reported in the liter­
ature. The need for such information was the motivating 
factor which led to the present investigations. 

The surface ionization source described in this article is 
similar in design to that used by Middleton and Adams2 in 
the original cone geometry negative-ion source; both sources 
are, in turn, similar in principle to the sources described in 
Refs. 16 and 17. A companion report, designated as Part 
II,18 deals with negative-ion generation in the refocus-type 
negative-ion source3,4 equipped with a cesium surface ioniza­
tion source such as the one described in this report. 

I. THE SURFACE IONIZATION MECHANISM 

Positive or negative ions of several elements and mole­
cules can be produced by surface ionization. A particle of 
low ionization potential Ii can be ionized by contact with a 
surface of high work function ¢ that is hot enough to ther­
mally evaporate the particle in ionic form. In this process, a 
valence electron of the adsorbed atom or molecule is lost to 
the surface upon evaporation or desorption of the positive 
ion. The most easily ionized materials for which the tech­
nique can be effected are the alkali metals (Cs, Rb, K, Na, 
and Li). The alkaline-earth, rare-earth, and transuranic eIe-
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ments can also be formed as positive ions through the pro­
cess but with lower efficiencies. The elements with high 
heats of vaporization or high ionization potentials are the 
most difficult to ionize. 

When an atom is near or adsorbed on a hot surface, the 
valence level is broadened. Furthermore, electrons in a hot 
metal possess a Fermi distribution of energies, and thus 
when the valence level of the adsorbed atom is sufficiently 
broadened, electrons can move to the metal from the atom 
and from the metal to the atom. The probability for arrival of 
a particle at a position far from the metal surface in a given 
state depends on the difference between the work function ¢; 
of the metal and the first ionization potential Ii of the ab­
sorbed atom. 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 leaving a heated surface, the proba­
bility of positive-ion formation Pi is given by 

P _ cu· f (1 - r+) ( ¢; - Ii ) . - - --- exp ---
I CUo 1 - 70 kT 

X [1 + (u 1-(1- r+)exp(ifJ - Ii)] - 1 (1) 
{uo 1 - ro kT 

where r+ and ro are the reflection coefficients of the positive 
and neutral particles at the surface, (u I- and CUo are statistical 
weighting factors, T is the absolute temperature, and k is 
Boltzmann's constant. Optimum-ionization efficiencies are 
obtained for high work function materials and low ioniza­
tion potential atomic species. For elements for which Ii > ifJ, 
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 expo­
nential term (¢; - 1;) in the Langmuir-Saha relation is neg­
ative and, therefore, the probability of ionization is low. A 
particular technique that helps to improve the ionization ef­
ficiency is to incorporate an oxygen spray that is directed 
onto the ionizer surface. This increases the work function of 
the emitting surface and, hence, the efficiency of ionization. 
The probability of ionization predicted by Eq. (1) assumes 
that the ions are extracted as fast as they are formed and thus 
is not valid whenever space-charge effects are present. 

II. SOURCE DESCRIPTION 

The ion source, shown in Fig. 1, was developed at the 
Oak Ridge National Laboratory for use in a cone geometry 
negative-ion source.2 The source consists of a cesium reser­
voir, a removable ionizer tube assembly, and a housing for 
mounting the ionizer heater and heat shielding to which is 
attached the focus electrode. With the exception of portions 
of the ionizer tube assembly, ionizer heater, heat shielding, 
and electrical feedthroughs, the unit is constructed from 300 
series stainless steel. 

The extraction electrode system. The electrode system is 
based on the well-known Pierce geometry design. 19 The opti­
cal characteristics of the source were carefully studied by 
numerical solution to Poisson's equation with various de­
grees of space charge present. Examples of the effect of space 
charge on a 30-keV ion beam accelerated through the elec-
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FIG.!. The cesium surface ionization source. 

trode system are shown in Fig. 2. These studies reveal that 
the perveance P of the source when operated in the space­
charge-limited regime for full area cesium extraction and an 
electrode spacing oft cm is 2.95 X 10 - 3 J.lP (1 P = 106 ,uP), 
where P is defined by the following equation: 

(2) 

where I + is the positive-ion current and Vex (in volts) is the 
extraction potential. 

The cesium reservoir (oven). The cesium reservoir 
(oven) is heated by a commercially available,20 band-type 
115-Vac, 175-W heater which slips around the reservoir. As 
shown in Fig. 3, an approximately linear relationship exists 
between heater current and equilibrium temperature of the 
reservoir. All measurements were made with a Chrome1-
Alumel thermocouple clamped in intimate contact with the 
cesium reservoir; three-ply aluminum foil heat shielding is 
placed around the reservoir. We note differences in the pow-

EXTRACTION 
VOLTAGE: 

30kV 
~--~ 

1 em 

(b) rON CURRENT: 5 rnA 

FIG. 2. Calculated space-charge effects in the cesium-ion extraction region 
of the surface ionization source. 
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FIG. 3. Relationship between heater current and cesium oven temperature 
with and without cesium in the reservoir. The increase in reservoir temperao 

ture at a given heater current is attributable to the soocallerl "heat pipe" 
effect where energy transferred from the ionizer to cesium particles impingo 

ing on the hot tungsten surface is conducted back through the cesium vapor 
to the reservoir. 

er required to maintain a given oven temperature with and 
without cesium in the oven. This behavior is attributable to 
the so-called heat pipe effect where heat is conducted from 
the hot ionizer (~1100 °C) to the reservoir through the va­
pormedium. 

The cesium vapor pressure versus cesium oven tempera­
ture. The vapor pressure p ofliquid cesium within the reser­
voir and tube assembly can be expressed in terms of the reser­
voir temperature Tby the following approximation: 

(T ) _ 1001.0531 - 4041/T) 
parr - 35 ' TI. . 

(3) 

where p has units of Torr and T is expressed as absolute 
temperature (K). Equation (3) was deduced from the ce­
sium vapor pressure data of Langmuir and Taylor21 by Nes­
meyanov.22 

The ionizer tube assembly. The ionizer tube assembly 
consists of a molybdenum tube which is brazed with Au-Ni 
alloy into a double-sided metal-to-metal vacuum flange 
which effects seals between the cesium reservoir and tube 
assembly and between the tube and vacuum housing. The 
ionizer is a porous tungsten frie3 1 mm in thickness and 6.25 
mm in diameter; the porosity P r is defined in terms of the 
ratio of the density of the frit p to the solid density Po of Pr 

= P/Pa, where Pr is usually 0.8. The tungsten frit is fusion 
bonded to the end of the molybdenum tube by electron beam 
heating. The ionizer is maintained in temperature by means 
of a cylindrical heater which surrounds the end of the molyb­
denum tube. The heating element of the ionizer heater is 
made of 1.25-mm-diam, 97% W /3% Re, alloy wire with a 
typical room-temperature resistance of22 mO. 23 The wire is 
embedded in a sintered Al2 0 3 matrix, which is enclosed in a 
molybdenum cylindrical housing of length 18.75 mm and 
outer diameter 21.88 mm; the inner bore of the heater is 8 
mm. The heater is surrounded by three layers of tantalum 
heat shielding. 

The required operating temperature of the ionizer was 
determined by measuring the negative-ion yield produced in 
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a modified refocus geometry cone source24 as a function of 
the ionizer current. The ionizer temperature was subse­
quently measured by inserting a conventional Chromel­
Alumel thermocouple through the cesium oven and ionizer 
tube until contact was made with the ionizer frit surface. The 
correlation between relative negative-ion yield and ionizer 
temperature was then made (Fig. 4). As noted, the negative­
ion current turns on very abruptly above the critical tem­
perature (- 1000 °C), the temperature required to evapo­
rate cesium ions from the hot surface. At high temperatures, 
the negative-ion yield begins to decrease, probably due to a 
reduction in the mean residence time for atomic cesium on 
the surface, i.e., a cesium atom must reside on the surface 
long enough to reach thermodynamic equilibrium for ioni­
zation to take place. In order to avoid large changes in beam 
current due to small changes in power, it is desirable to oper­
ate the ionizer a few degrees higher than the onset value 
(usually HOOgC). 

Estimation of the cesiumfiux striking the ionizer surface. 
The ionizer is customarily operated at a fixed temperature of 
- 1100 °c, so that the diffusion rate through the ionizer is 
governed by the rate of arrival and probability of trapping of 
the impinging neutral vapor on the internal ionizer surface, 
and the rate of evaporation at the emission surface. The 
number of particles striking per unit area dA per unit time dt 
is given by the familiar relation 

dN nv 
dA dt =4' (4) 

where v is the average velocity of a cesium atom within the 
cesium reservoir/ionizer tube chamber at temperature Tand 
n is the number of particles per unit volume within the 
chamber. 

A portion of the flux impinging on the reservoir side of 
the ionizer will be captured by the porous surface and may be 
subsequently diffused through the frit to the extraction side 
of the ionizer where the cesium particles can be evaporated 
either as ions or neutrals. The number of captured particles, 
thus, will be given by 

dN = nv P (5) 
dA dt 4 c' 

~ !'of 
~ 0.8 

a 

j 
~ 0.2 

: ::: ~f.... 
0.0 Q"","""'''''''''''''''~!::L_-L_~_L-_L---1_.-L_~ 

800 850 900 950 1000 1050 1100 1150 1200 1250 I::!CO 
IONIZER TEMPERATURE I"CI 

FiG. 4. Relative negative-ion current vs ionizer temperature for ihe cesium 
surface ionization source shown in Fig. 1. The temperature at which the 
cesium surface ionization process abruptly turns on is referred to as the 
critical temperature for the ionization of cesium on hot tungsten. 
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where Pc represents the probability for capture at the interi~ 
or surface, 

Inserting values for n in terms of vapor pressure p from 
Eq. (3) for pin dyn/cm2 and v from the kinetic theory of 
gases into Eq. (5), we obtain an expression for the number of 
particles striking the frit per unit area per unit time which are 
captured 

dN _ 1 ( 2 )112 1.33x103 

------
dA dt 2 krrM TI.85 

( 
4041 ) X 10 11.0531 - --::r- Pc· (6) 

III. POSITIVE-ION GENERATION AND PROBABILITY 
OF CESIUM IONIZATION CHARACTERISTICS OF 
THE SOURCE 

The positive-ion generation capabilities of the source 
were examined for each of two new ionizers with porosities, 
Pr of 0.7 and 0.8. A modified refocus-type negative~ion 
source24 was used for these measurements; the experimental 
arrangement is shown in Fig. 5. Positive ions extracted from 
the source were focused into a biased and shielded Faraday 
cup located immediately behind the sample indexing mecha­
nism of the source by means of the conventional lens/steer­
ing assembly associated with the negative-ion source. The 
results of these measurements are displayed in Figs. 6 and 7 
for the p = 0.7po and p = a.8po ionizers, respectively. Nu­
merically computed space-charge-Hmited ion current versus 
extraction voltage values are also shown for comparison, 
The computed space-charge-limited relation was scaled to 
the high cesium oven temperature curve at an extraction 
voltage Vex of 12 kV which appears to be within the space­
charge-limited flow region of the source. The perveance P of 
the source, determined by numerical solution of Poisson's 
equation for an emitting area Ao' equivalent to the full area 
of the ionizer surface (Ao = 0.32 cm2

), was found to be 
2.95X 10- 3 flP. 

Scaling factors required to adjust the Langmuir-Child 

/ . 
/ ~ 

SECONDARY ~ 
SUPPRESSION /,,/' 
ElECTRODE-

~SUPRESSOR 
FEED 

THROUGH 
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relation to the high-temperature experimental data in the 
space-charge-limited regime of the source at a particular ex~ 
traction voltage Vex = 12 kV were determined and per­
veances P and effective emitting areas Aetf computed for each 
of the two ionizers. (The extraction electrode gap d was as­
sumed to be fixed at 1 cm.) The perveances for cesium ions of 
the two sources were found to be 

P=7.61X10-4 uP, p=O.7po 

and 

P = 1.92 X 10 4 flP, P = O.8po. 

The corresponding areas of the ionizers were found to be 

Aetf = O.258Ao, P = O.7po 

and 

Aetf = O.064A o, P = O.8po, 

where Au is the full area of the ionizer surface. 
Returning to discussions of the data displayed in Figs. 6 

and 7, several points are worthy of mention. First of all, we 
note that the region over which space-charge-limited flow 
holds increases with cesium oven temperature and extrac­
tion voltage. Each data set spans a region of space-charge­
limited flow, a transition region and the onset of the tem­
perature-limited region of the source. The spacing between 
adjacent curves for the temperature-limited condition sug­
gests the following simple relationships between the ion cur­
rent and cesium oven temperature for the two ionizers: 

1+ (mA) = 3.34X lO-2T(K) - 14.71, p = 0.7po (7) 

and 

J+(mA) =6.53X10- 3 T(K) -2.99, p=O.8po' (8) 

These expressions, in turn, can be correlated with total 
particle emission at the surface: 

dN = 2.09X lO '4 T(K) ~ 9.lOX 1016
, P = O.7po, (9) 

dt 

dN =4.08XlO 13T(K) -1.87XlO'6, p=O.8po- (10) 
dt 

, CESIUM 
./' SURFACE 

/ IONIZATION 
SOURCE 

Surface ionization source 

FIG. 5, Experimental arrangement for 
determining the cesium-ion current 1+ 
vs extraction voltage Vex. The cesium 
surface ionization source is mounted on 
a modified commercially available refo­
cus-type negative-ion source (Ref. 24). 
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FIG. 6. The cesium-ion current I + vs extraction voltage Vex with cesium 
oven temperature as a parameter for thep = O.7p" ionizer. Also shown for 
comparison is the numerically computed space-charge limited current vs 
extraction voltage; the space-charge-limited current was fit to the experi­
mental data at an extraction voltage of 12 keY. 
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FIG. 8. The probability of cesium surface ionization with the source 
equipped with a P = 0.7 Po ionizer. These data illustrate the effect of space 
charge on the probability for cesium surface ionization. 

In terms of the number of particles emitted per cm2 per 
second from the total area of the ionizer, these expressions 
become 

dN = 6.53X lO '4 T(K) - 2.87x 1017
, P = O.7po (11) 

dA dt 
and 

dN = 1.28X lO'4T(K) - 5.84x 1016
, P = O.8po. (12) 

dAdt 
Under steady-state conditions, the rate of capture (trap­

ping) at the interior surface must be equal to the rate of 
emission at the exterior surface; therefore, the above rela­
tions also hold for the capture process. The probability for 
capture of an impinging particle by the interior surface of the 
P = O.7po ionizer can be determined by equating Eqs. (6) 
and (1) andforthep= O.8po ionizer,Eqs. (6) and (12). 

If we assume that the probability for ionization is unity 
in the temperature-limited regime (the point at which the 
cesium-ion current 1+ vs extraction voltage Vex reaches a 
constant value), then the probability for ionization at any 
other extraction voltage is just the ratio of the current at the 
chosen extraction voltage to the temperature-limited cur­
rent. Using this definition, the probabilities of ionization 
were determined for both ionizers. Data for the p = 0.7 Po 
ionizer are displayed in Fig. 8. These data point out rather 
dramatically the effect of space charge on the probability for 
ionization of cesium as it leaves the hot tungsten surface. The 
space-charge effect, thus, reduces the probability for ioniza­
tion, even though the Langmuir-Saha relation predicts unit 
ionization efficiency. 
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