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ABSTRACT 

Operational characteristics and performance of two 

mass spectrometers incorporating improved versions of the 

Very High Yield Electron Impact (V~Y-EI) ion source are 

described. The ionizers are designed around a large 

volume, low pressure, hot cathode Penning geometry and 

operate at source pressures of 10-5 torr and below. In 

combination with low spherical aberration focusing optics, 

mass analyzed ion currents 100 to 1000 times more intense 

than those produced by conventional ionizers operated 

under identical or comparable conditions of resolution, 

analyzer type, sample pressure, and electron impact 

energy are obtained. In addition, high ionization-mass 

analysis efficiencies have been demonstrated for a 

variety of organic compounds with sample mass flow 

rates approaching 1 mg/min. Typical electron impact 

spectra are obtained with no evidence of pyrolysis or 

ion molecule reactions. Unusually intense spectra can 

be produced with low energy electrons. 

xi 



CHAPTER 1 

INTRODUCTION 

Experimental investigation of low pressure gas 

discharges led to the discovery of positively charged 

electrical entities before the turn of the century (1). 

Wein (2) subsequently demonstrated that beams of positive 

or negative ions could be deflected by electrostatic and 

magnetic fields. The first chemical analysis conducted 

with a mass spectrometer was when J. J. Thomson (3) dem

onstrated that naturally occuring neon is composed of two 

species of different atomic weigh~s. The term isotope was 

introduced by Soddy (4). Aston's more elaborate instrument 

of 1919 (5) permitted precise mass measurements for the 

first time, leading to the discovery of isotope mass de

fects. Dempster (6) developed a simpler instrument better 

suited to isotope abundance measurements and the study of 

gas phase electron impact processes. 

The parallel improvement of electronic and vacuum 

technology during the 1920's and 1930's led to an increas

ing interest in the field of mass spectrometry. The first 

strictly chemical application appears to have been work by 

Conrad on m::ganic compounds (7). The maj or impetus for 

1 



development of commercial instrumentation came from the 

petroleum companies. The mass spectrometer provided the 

best analytical technique available at that time for anal

ysis of petroleum distillates and gasoline. Wartime pres-

sure for aviation gasoline made the mass spectrometer even 

more essential by 1942. 

The mass spectrometer was called upon to support 

investigations in nuclear chemistry during the 1930's and 

19q·0's and played a crucial role in the development of the 

atomic bomb. The mass spectrometer is the most versatile 

2 

isotope separator available though uneconomical for produc-

tion of large quantities of material (more than 1mg). Two 

groups succeeded in making isotope separations at about the 

same time. Smyth et a1. (8) were able to obtain 1 mg of 

39K in a 7 hour run. Oliphant et a1. (9) separated 10-8 

grams of a pure lithium isotope. Neir and coworkers (10) 

were able to separate 235U and 238u in amounts sufficient 

for studies of fission kinetics. The bank of 30 e1ectro-

magnetic separators installed at Oak Ridge in 1954 is 

still the only reliable source of pure isotopes for 50 of 

the elements (11). 

Following World War II, mass spectrometry has been 

characterized by explosive development which continues to

day. Improved methods of ionization and mass analysis 
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have, in combination with computerized instrument control, 

data acquisition and data analysis resulted in an analyti

cal tool of great power and versatility. Analytical appli

cations range from surface analysis by secondary ion mass 

spectrometry (12) to the direct determination of trace or

ganic species in complex biological or environmental sam

ples (13). Elemental analysis with sensitivities in the 

part per billion range is possible for most elements with 

spark source mass ~pectrometry (14, 15). Mass spectrome

try continues to be of great importance in the petroleum 

industry (16) and has become one of the most important 

tools supporting pharmaceutical development (17) and en

vironmental monitoring (18). 

The great' power and scope of contemporary mass 

spectrometry is the direct result of an ongoing effort to 

develop and improve instrumentation. The subject of this 

dissertation is to explore the development of a new con

cept of electron impact ion source designed for use with 

quuadrupo1e and monopole mass filter type mass analyzers. 

The new ion source differs radically in concept from pre

viously described electron impact ion sources. The new 

ion source, the Very High Yield Electron Impact ion source 

or VHY-EI ion source, was designed to produce high mass 

analyzed ion currents while operating at high sample mass 



flow rates with retention of true elctron impact 

ionization conditions. In addition, characteristic elec-

tron impact spectra and increased mass anlayzed ion cur

rents at low electron impact energies were also important 

goals. By increasing ion currents the space charge limits 

of conventional mass analyzers can be exceeded. However, 

4 

use of the Separator-Analyzer Mass Spectrometer System, 

which can handle much higher ion currents than conventional 

mass analyzers can extend the upper useful ion current by 

many orders of magnitude (19). 

McLafferty (20), Cooks (21), and Stilwell (22), 

have reported ionization-mass analysis efficiencies of 

10-5 to 10-8 for the electron impact ionizers presently 

used with magnetic sector instruments in analytical work, 

at source pressures of 10-5 torr and sample mass flow rates 

on the order of 10- 6 grams/min. This corresponds to a 

10 - 12 d '1" d 10-10 'd" gram etect~on ~m~t an a gram ~ ent~cat~on 

limit under ideal conditions (23, 24), Similar detection 

limits are reported for quadrupoles by the manufacturers 

(25, 29) though absolute ionization-mass analysis efficien-

cy are not provided. Residual gas sensitivities a~e; how-
-4 -3 ever, given and range from 10 to 10 amps/torr (v!ithout 

electron multiplication) at unit resolution with conven-

tional pole sets (0.9 cm pole diam.). Values are high as 

10-2 amps/torr have been reported for large diameter pole 

sets operated by frequencies greater than 3 MHz (26) which 



corresponds to an ionization-mass analysis efficiency of 

10-4 to 10-5 for N2 as beam or background (26). 

The sample mass flow rate limitations of the elec-

5 

tron impact ion sources discussed above can create problems 

if the sample consists of trace level analyte species dis-

persed in a large amount of some low molecular weight ma-

trix. Examples include direct analysis of atmosphere for 

low levels of organic compounds, GC column effluent, and 

LC column effluent. In these cases the mass flow rate of 

the actual analyte species will be limited by system pump-

ing speed and source pressure limitations on maintenance 

of true electron impact conditions. With the single ex

ception of capillary column GC-MS some preseparation 

strategy is employed to selectively reject the sample ma

trix compounds while passing the ana1yte species on to the 

ion.source. Jet separators, permse1ective membrances, and 

moving belts or wires for pre-evaporation of LC effluent 

have all been described (30-36). Direct introduction of 

LC effluent has been pioneered by Baldwin and McLafferty 

(37) but sample mass flow rates are such that chemical 

ionization conditions result with ionizers of conventional 

design, even with microco1umn LC (38). 

The positive ion current produced by an electron 

impact ionizer depends on several parameters as sho\m in 

equation (1). 



Equation 1. i+ 

i+ positive ion current 

ie ionizing electron current 

n = number of molecules per cubic centimeter 

V ionizer volume 

a = ionization cross section 

1 =' electron path length 

To increase ion current at constant pressure, and cross 

section, the electron current, electron path length and 

6 

(39) 

ionizer volume must be increased. In conventional ionizers 

1 = 1 cm, ie = 1 milliamp, and V = 1 cm3 . In the VHY-EI 

ionizer ionizing electron current can be as high as 40 mil

liamps at 70 eV, the ionizer volume is 30 cm3 , additionally 

the electron path length is increased to the order of 1.0 

meter when magnetic cyclotroning is employed. The hot 

cathode Penning geometry on which the VHY-EI ionizer is 

based allows all three parameters to be increased greatly 

in comparison with a conventional ionizer. The long elec-

tron path length in the VHY-EI ionizer results from mag-

netic cyclotroning of the electrons in an electrostatic 

mirror formed by the anticathode and the filaments which 

are mounted on opposit~ ends of the anode cylinder. 

Efficient ionization must be followed by efficient 

extraction and injection of the ions into the acceptance 

aperture of a mass analyzer. To efficiently sample a 
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larger than normal ion formation volume, ionizer-analyzer 

separation must increase so that an acceptable convergence 

half angle, a, is maintained as shown in Figure 1. The in

creased ionizer-analyzer separation places certain con

straints on the ion optics used to focus ions on the anal

yzer acceptance aperture. Specifically, the optics must 

display negligible spherical aberration and a linear mag

nification approaching zero. In the VHY-EI ion source, 

two low aberration three element electrostatic lenses are 

used to achieve ionizer-analyzer aperture match. Charged 

particle optics is reviewed in Appendix B of this disser

tation. 

The subject of low aberratibn electrostatic charged 

particle optics has been under development for at least 

50 years and has been extensively reviewed (40-46). In 

addition, the nature of the acceptance aperture of rf path 

stability mass analyzers is reasonably well known due to 

Dawson's extensive theoretical and experimental investiga

tions (47-50). As a result extensive numerical trajectory 

simulation is seldom needed to achieve an analyzer-ionizer 

aperture match. The electrostatic optical train used in 

the VHY-EI ion source was designed using dimensionless 

lens parameters and figures of merit published by Harting 

and Read (51). The ionizer optics were designed to produce 



\ 
U) 

u 

8 

r-l 



9 

a convergence half angle of less than 3 degrees at the 

analyzer aperture, a linear magnification approaching zero, 

and a net beam expansion of less than 0.01 mm resulting 

from spherical aberration. These three design considera

tions determined the optical train dimensions. Ion space 

charge, used to extract and focus ions into the quadrupole 

in some commercial Residual Gas (RG) analyzers (26) is not 

intentionally used for beam manipulation in this design. 

The methods and calculations used to design the VHY-EI 

ionizer optics are given in Appendix C of this disserta

tion. 

A block diagram of the VHY-EI ionizer is shown in 

Figure 2. The first focusing triplet accepts the colli

mated ion beam arid focuses it on a small limiting aperture. 

Since low aberration, small convergence half angle, point 

focusing requires a high ion kinetic energy at the limit

ing aperture (51) a second low aberration lens, the 

decelerator-refocusing triplet, adjusts beam kinetic energy 

to a value appropriate for injection into the quadrupole 

aperture. 
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CHAPTER 2 

ION SOURCE DEVELOPMENT 

The final VHY-EI ion source was developed in 

modular fashion. The development process proceeded through 

several design generations as the ion formation volume, 

ion extraction, and ion focusing optics were progressively 

developed and refined. The development process can be de-

scribed as semi-empirical since both experimental results 

and a priori calculation contributed to the final design. 

The several ionizer design generations which contributed 

to the final form of the VI1Y-EI ion source are described 

in this chapter. Performance of the VHY-EI ion source 

with two types of RF path stability mass filters is de

scribed in Chapter 3. Design methods and calculations are 

given in Appendix C. 

The First Generation Ion Source 

Initial experimental studies involved characteri-

zation of the "Swingler" type ion source (52). This "high 

current" ion source was designed for use with quadrupole 

mass filter gas analysis and is capable of producing total 

ionization sensitivities (i.e., without mass analysis) of 

2 x 10- 3 amps per torr up to a 10- 4 torr. 

11 
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Materials and Methods 

The ion source was constructed completely from 

Kimbal Physics eV™ parts (53). Metal aperture plates, re

peller structures and spacers were of type 304 stainless 

steel (electropolished) while insulators were made of 

Al203 . Emissive filaments were made of 0.025 cm Mackey 

tungsten wire and were spot welded to tantalum support 

posts. The ion source was mounted in an aluminum support 

frame. The support frame and ion source were placed in a 

Corning glass 15.24 cm pipe cross which was pumped by a 

Varian VHS6 backed by a Sargent Welch duo-seal model 1397 

rotary vane rough pump. The vacuum flanges were made of 

aluminum and provided with electrical feed throughs. Tech

nical grade fluorocarbon gases were obtained from Pfaltz 

and Bauer and were used without prior purification. Sys-

tern pressure was measured with a Veeco Ion gauge calibrat-

ed with N2 and placed just above the gate valve leading to 

the glass vacuum chamber. 

Apparatus Layout and 
Experimental Procedure 

The ion optical and electrical layout of the 

Swingler ion source is shown in Figure 3. Ion current 

was measured with a 536T based FET op amp electrometer 

amplifier, with target bias relative to earth ground 
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Figure 3. Ion Source configuration, The Swingler Ion 
Source. -- Operating conditions for ion current 
data shown in Figure 1. 
Filiment Current - 6.0 Amps at 16 volts/Filiment 
bias: -50. volts 
Emission Current - 15 milliamps 
Source Voltages: 1) Repeller = +124v, 2) Ion 
cage - 0.0 volts, 3) Ion Extraction Electrode/ 
Ion exit aperture - -170 volts. 
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established with a dry cell battery. Total ion current 

received by the faraday cup was optimized by variation of 

lens element potentials in the drawout-focusing einzel 

lens facing the repeller volume. No fine focusing was at-

tempted so the ion current values were for unfocused ion 

current. 

Results and Discussion 

Total unfocused ion current is plotted vs. system 

pressure as measured with the ion gauge in Figure 4. 

While the design is certainly of high efficiency compared 

with more conventional sources, it cannot be operated at 

the levels required by this project. -6 Only 4.3 x 10 amps 

of unfocused ion current could be produced under optimum 

conditions. (Subsequent ion sources described in this 

dissertation are able to focus 3.35 x 10- 6 amps through a 

1.5 rnm diameter aperture.) The Swingler ion source was 

therefore abandoned, though experience gained in source 

operation and construction proved valuable in subsequent 

studies. 

The Second Generation Ion Source 

The next trial structure was based on concepts 

proposed for a space vehicle propulsion unit (54). Some 

important differences exist between the two designs, and 

these will be detailed"in "the apparatus section below. 
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The design was motivated by the high ion currents available 

from the ion rocket, relatively low pressure, large volume 

ionization environment compatible with true e1ectrom impact 

ionization and a cylindrical geometry compatible with elec

trostatic spot focusing. In this first model of the series 

to follow, magnetic cyc10troning was not attempted, but 

even so, much higher unfocused ion currents than the 

Swingler source produced were available. An important 

feature of this source geometry is the fact that electron 

cyc10troning with an axial magnetic field is easily imple

mented. 

Materials and Methods 

The vacuum system used was the same as that pre

viously described for the first generation ion source. 

The ion source structure and faraday cup assembly were 

constructed entirely of "homemade" components. The anode 

cylinder and extraction-focusing optics were made of cut 

lengths of stainless steel pipe. The gas feed structure 

at the rear of the anode cylinder was made of aluminum 

with the 36 gas delivery holes in a circular pattern of 

2.09 cm radius. The holes were made with a #59 drill. 

The entire ion source assembly and the faraday cup were 

mounted on an aluminum "optical rail" with ceramic isola

tion posts having blind holes for 6-32 screws. 
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The ion source sample gases were the same as those 

used in operation of the first generation ion source. 

Apparatus Layout and 
Experimental Technique 

The apparatus layout is shown in Figure 5. The 

electrical layout is the same as that used with the first 

generation source. The unipotential drawout and focusing 

lens was retained in this design. While some focusing was 

necessary to optimize the ion current into the faraday 

cup, the large aperture of the faraday cup (3.81 cm) once 

again results in a total ion current measurement, not a 

focused optimized current density measurement. Gas pres-

sures were measured, once again, with a Veeco ion gauge 

calibrated with N2 . 

Results and Discussion 

Ion current vs. pressure data are shown in 

Figure 6. Comparison of this data with corresponding re-

sults obtained with the first generation source demon-

strates a much higher total ion yield with the second 

generation geometry than could be obtained with the first, 

12 microamps as opposed to 4.3. The next step, inclusion 

of magnetic cyclotroning of the electrons in a true oscil-

lating electron geometry, was taken in the third 

generation VHY source described below. 
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Figure 6. Ion Current vs. Sample Pressure for the Second 
Generation Ionizer. 
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The Third Generation Ion Source 

The third generation ion source incorporates 

several fundamental changes in design concept. Electrons 

are introduced into the ionization volume, i.e., the anode 

cylinder, from an emissive filament mounted to the rear of 

the anode cylinder. An anticathode, held at or below fil

ament potential, reflects electrons back into the anode 

cylinder volume where they spiral out toward the anode 

under the influence of an axial magnetic field. The anti

cathode is also employed as the first stage in ion extrac

tion and focusing. Two subsequent lens elements, a 

beam shield and retarding grid, prepare the ion beam for 

ultimate fine focusing with a secondary focusing triplet 

used to optimize ion current through a small axial aper

ture and so maximize ion current density at some selected 

final kinetic energy. 

These concepts somewhat superficially resemble a 

"hot cathode Penning" or "oscillating electron" dis

charge. Several major design differences exist between 

the classical Penning ion source and Very High Yield (VHY) 

source described below. These differences include: 

1. The cathodic mirror arrangement is unsymmetrical, 

i.e., VC
l 

f Vc2 . The ability to independently 

set the filament potential and anticathode 
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potential were found to be critical in 

optimization of focused current densities in this 

ionizer. (Vc1 is the potential relative to refer-

ence ground of the filament mount plate and VC2 

the potential relative to ground of lens A of the 

unipotential section, which would correspond to 

the anticathode in a Penning gtm.) 

2. No special gas feed arrangements are made in this 

source. It is operated in what is essentially an 

"open source" configuration. 

3. Relatively low magnetic fields are employed to in

crease electron path lengths and no effort is made 

4. 

to focus magnetic force lines near the extraction 

aperture by employing a soft iron lens. Improved 

magnetic field geometries will be examined in the 

future. 
-4 This source operates at pressures of 10 torr and 

below. 

It should be noted that this ion source provides 

unique capabilities in the combination of a high useable 

ion beam yield at a low ion kinetic energy. 



Materials and Methods 

The vacuum system used in this study consisted of 

a 10.16 cm CVC oil diffusion pun~ using Corning 704 sili

cone oil as the working fluid backed by a Kenney KC-8 

roughing pump. Two cryobaffe1s were included in the sys

tem: 1) a Chevron cryobaffe1 between the diffusion pump 

and the gate valve leading to the vacuum chamber, and 
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2) a fore1ine trap between the KC-8 and the oil diffusion 

pump. A Corning glass, pyrex 15.24 cm pipe tee was used 

as the vacuum chamber. The ion source chamber, a water

cooler stainless steel vacuum nipple, 6.35 cm o.d., 5.40 

cm i.d., and 6.03 cm long with brass flanges on each end 

was bolted to a 27.94 cm diameter aluminum flange via 

blind bolt holes. The 2.54 cm thick aluminum flange was 

countersunk on the vacuum side so that the thickness was 

1.27 cm for a 12.7 cm diameter, and provided with an eV™ 

parts C7X7 hole pattern of blind tapped 4-40 thread holes 

for attaching ion source structures. The water-cooled 

nipple (bronze) end flange had a simi1a~ 4-40 thread hole 

pattern for C5X5 parts also for ion source mounting. The 

filament was made of 8, 0.318 cm turns of 0.025 cm tung

sten (Mackey). The anode cylinder is positioned with four 

alumina rods. The insulators also serve to space the 

elements of the unipotential extractor lens assembly, as 

shown in Figure 6. 
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Since lens potentials were brought from the 

vacuum side of the large aluminum flange, a grounded shield 

was necessary to prevent ion beam distortion -and deflec

tion. A stainless steel cylinder (eV™ part no. SS-Cy-

1250/2500) is suspended from a mounting plate (eVTH part 

no. SS-PL-C7X7-R12S0) so that the cylinder orifice was 

1.11 cm from the last element of the extractor unipotential 

lens. Four blind 4-40 tapped holes on a 6.19" bolt circle 

concentric with the center hole in the aluminum flange 

were used to fix a mounting plate with 4-40 S.S. screws 

TM and three eV A120 3 or Gl-Sp-C-17S insulators. Four 

eV™ parts alumina rods (part #A1203-Tu-C-3000) were used 

to align the beam shield, retarding grid and faraday cup 

with part no. GL-SP-C-17S insulators used to space these 

components, as shown in Figure 7. 

Apparatus Layout and 
Experimental Procedure 

The apparatus layout used in total ion current 

measurements and ion kinetic energy distribution measure-

ments on the total "unfocused" output of the third gene-

ration VHY ion source is shown in Figure 7. Ion kinetic 

energy distributions were determined by the retarding 

field method. As increasingly positive potentials were 

placed on the retarding grid, the fractional decrease in 
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ion current reaching the faraday cup was recorded. Given 

the large aperture of the faraday cup (3.81 cm), the ion 

currents reported represent total ion source output, not 

best focus values. The kinetic energy spread is also rep

resentative of total source output with no kinetic energy 

filtering characteristic of electrostatic fine focusing. 

The apparatus layout used in fine focusing studies 

is shown in Figure 8. The deflector plates proved neces

sary since optimal axial alignment proved difficult with 

this source mounting geometry and optical train assembly. 

Ion currents were measured with a 536T based FET 

input electrometer operational amplifier as described 

earlier (The First Generation Ion Source). 

The instrument layout" used for crude mass spectra 

using a home-built quadrupole mass spectrometer described 

elsewhere (55) is shown in Figure 9. Mass spectra were 

recorded with a simple analog linear mass scan over the 

o to 120 amu mass range. 

Ion source assembly is described in some detail 

below. The ion source optical train is constructed com

pletely from Kimball Physics eV™ parts. The most impor

tant advance involved addition of electron cyclotron 

motion to extend effective path length and improvements 

in source geometry. The most important improvements in 

source geometry have been made in the filament mounting 
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Figure 8. Optics Layout of the Third Generation Ion Source. 
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Figure 9. Mass Spectrometer with Third Generation Ion 
Source. 
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and the relative placement of filament and anode. An 

eV™ SS-PL-C5X5-~1000 mounting place was attached to the 

brass base plate via blind 4-40 tapped holes on the vacuum 

side, the plate being held 1.11 cm off the surface with 

ceramic spacers as shown. The 4-40 hole circle is concen-

tric with gas feed port. Electrical feed-throughs were 

achieved with bulkhead BNC connectors (Kings, Tucahoe, 

N.Y.). 

The top of the filament mounting posts is posi

tioned 0.63 cm behind the anode cylinder as shown in 

Figure 8. The filament mounting assembly is spot welded 

to an eV™ SS-PL-C5X5-R750 plate as shown. The filament 

mounting plate is electrically connected to the negative 

filament terminal. 

Technical grade fluorocarbon gases, octaf1uoro-2-

butene, decafluorobutane, and hexof1uoroethane were ob-

tained from Pfa1tz and Bauer and used without prior 

purification. Mass spectral analysis showed the gases to 

be better than 95% pure. 

Results and Discussion 

Source performance data were collected under a 

variety of different operating regimens. Ion current at 

several different system pressures, with no axial magnetic 

field present, is shown in Figure 10. Experimental 
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Figure 10. Ion Current vs. System Pressure for Two 
Fluorocarbon Gases.-- 0 - octafluoru-2-butene. 
C)- hexafluorothane. Pressure was determined 
with a Bayard-Alpert ion gauge calibrated for N.?.. 
Operating conditions: Filament bias is - l6sv, 
Anode bias is +135V. lens A,C, held at -lKV, 
lens B at OV, faraday cup bias -90 volts, 
filament current 5.5 amps. 
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conditions are given in the figure captions. A decrease in 

ion current was observed with both fluorocarbon gases used 

whenever the system pressure exceeds 5 X 10- 4 torr. Emis-

sion current, i.e., electron current collected at the anode 

cylinder, was set at 10 milliamps at 2 X 10- 5 torr and was 

observed to go off scale (greater than 1 milliamp) at a pres

sure of 2 X 10- 4 torr of C4F8 . With octafluoro-2-butene 

the sharp increase in emission current indicates a sudden 

increase in secondary electron yield, i.e., formation of a 

discharge. Increasing the negative bias on the faraday 

cup from -90 volts to -156 volts resulted in some increase 

in indicated positive ion current, suggesting that the ion 

beam contains substantial numbers of electrons. 

Application of the axial magnetic field to the 

thermionic emission discharge described above resulted in 

considerably more complex source behavior. Filament cur

rent, solenoid current, extraction field and gas pressure 

all strongly influence ion current and all have sharply 

defined optimum values. At very low pressures, less than 

5 x 10- 5 torr, an increase in the solenoid current re-

sults in a steady increase in positive ion current up to 

approximately 150 gauss. As the solenoid current was in-

creased further, positive ion current decreased to zero 

and finally electron current was observed. Ion current 

vs. magnetic field data were taken at several different 
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pressures and, as shown in Figure 11, the magnetic field 

corresponding to optimum ion current is lower at high pres

sures. Above 3 x 10- 4 torr, ion current steadily decreases 

from an optimum value as maenetic field is increased. At 

B fields in excess of 500 gauss a Penning plasma may form 

between the beamline and faraday cup. Increasing the draw

out field voltage to the present available maximum of -2Kv, 

suppressed formation of the discharge and with the magnetic 

field present allowed production of 50 microamps of posi

tive ion current at 1 x 10- 4 torr of octafluoro-2-butene. 

It should be noted that drawout field is defined as the po-

tential on lens A, C in Figure 7. Since these lens ele-

ments are a portion of a unipotential lens they do not 

accelerate the ion beam. Beam kinetic energy is defined 

by the potential applied to the anode, probably by chang-

ing ion origin conditions through changes in plasma den-

sity and distribution in the cylinder region. 

The ion kinetic energy distribution and focusing 

data reported below both support the notion that the ion 

source region is a "plasma" as in higher pressure hot 

cathode Penning ion sources. Indeed, the formation of a 

plasma in the source region is probably responsible for 

narrow kinetic energy spread compared to that expected 

for an "Ion Cloud" source of similar geometry (56). It 
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shoul~ bel noted that increasing the emission current 

witho~t magnetic field does not result in a large increase 

in fo~::used ion current in this device. 

Ion kinetic energy distribution was determined by 

the r~tarding grid method, and results are shown in 

Figur~ 12:. The full width at half maximum is less than 

15 eV with an average ion kinetic energy of approximately 

30 eV relative to reference ground. A significant high 

energy talil is, however, present. 

The kinetic energy spread would seem to imply that 

high foculsed current densities might be obtained. With 

1 x 1()-4 torr of octafluoro-2-butene, 0.14 microamps could 

be fOl:!useld through a 1. 4 nun diameter aperture with a final 

beam ~dneltic energy of about 70 eV for a focused current 
2 density of 9.8 microamps per cm. (This value will be 

improved by nearly an order of magnitude in subsequent 

VHY i\C)n source systems.) 

Lastly, the ion beam composition was determined 

with {in e'xperimental quadrupole mass spectrometer (19) in 

the 0 to 120 amu range and fragmentation patterns produced 

by th\9 third generation ion source compared with those 

produl:!edby the Swingler type first generation ion source. 

Results a.re shown in Figures 13 through 16. Mass spectra 

of oc'/:afl uoro-2-butene and hexafluoroethane are shown. 
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The third generation VHY source does exhibit slightly 

enhanced fragmentation relative to the Swingler, but this 

is expected as a result of different electron kinetic en

ergies in each source. In the Swingler, electron impact 

kinetic energies vary continuously between filament

repeller potential and zero electronvolts. In the VHY 

source, on the other hand, electrons undergo nearly full 

anode-cathode potential in the cathode sheath, a region 

only a fraction of a millimeter thick (56) since a plasma 

is formed in the source ionization volume. 
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The most encouraging observation was that the 

major improvement in ion yield given by the magnetic gun 

resulted in a real improvement in throughput. Electrom

eter gain could be reduced three orders of magnitude rela

tive to the gain necessary when using the Swingler. This 

was achieved despite poor alignment and without differen

tial pumping. 

The third generation ion source has demonstrated 

the essential viability of the low pressure oscillating 

electron source design concept. Subsequent VHY ion source 

design generations discussed in the following demonstrate 

a steady progress in all source performance areas. 
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The Fourth Generation Ion Source 

Several design modifications suggested by 

experience with the third generation source as well as ad

ditional theoretical considerations based on lens proper

ties calculated using the techniques presented by Harting 

and Reed (51) were incorporated in the fourth generation 

source. A larger water cooled vacuum housing was built to 
TM allow use of C7X7 series eV parts. Using larger parts 

means larger apertures in the electrostatic optical train 

as well as ionization in a larger volume (with a 3.81 cm 

o.d.) anode cylinder. The C7X7 size scale was employed in 

all further ion source development work. Another impor-

tant advantage of the new larger source chamber arises 

from the fact that the entire optical train and ion source 

could be built on the same flange, providing improved op

tical alignment so that the deflector plates used in the 

third generation source could be dispensed with. This 

source was used for more detailed examination of the kine-

tic energy distribution as a function of anode-cathode 

bias, as well as focusing studies. 

Materials and Methods 

The internal components of the ion source and all 

optical train elements were made from Kimbal Physics eVTl1 

parts. Metal chamber components were type 304 stainless steel 
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with ~" copper tubing silver soldered to the exterior 

surface to provide the required water cooling. The ion 

source housing was mounted on an 27:94 cm diameter aluminum 

vacuum flange, allowing the entire assembly to be mounted 

on a Corning glass (pyrex) J.5. 25 cm glass pipe cross. The 

cross was mounted 0n a vacuum pumping station equipped with 

a CVC 10.15 cm oil diffusion pump backed by a Kinney KC-8 

roughing pump. A Chevron cryobaffel was located between 

the oil diffusion pump and the gate valve leading to the 

source chamber. Another cryotrap was placed between the 

roughing pump and the diffusion pump. Pressure measure

ments were made with a Veeco RG ion gauge calibrated with 

N2 and mounted on the 15.24 cm glass cross via a compres

sion fitting feedthrough on a side arm flange made of 

brass. The solenoid magnet was fabricated in a local 

machine shop, ~onsisting of a 13.97 cm I.D. aluminum 

cylinder wrapped with #14 AWG motor wire insulated with 

heavy duty lacquer. The windings were held in place by 

0.159 cm thick mild steel plated forming a 3" wall on each 

end of the aluminum cylinder. The Magnet was wound on an 

engine lathe in back gear until a layer of windings 

7.62 cm deep had been applied. The axial field at several 

different current settings was determined with a calibrat

ed hall effect probe. Decafluorobutane, hexofluoroethane, 

and octafluoro-2-butene were obtained from Pfaltz and 



Bauer, Inc. This batch of technical grade gases was also 

analyzed by mass spectrometry and found to be more then 
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95% pure. Specific experimental arrangements are discussed 

below. 

Apparatus Layout and 
Experimental Procedure 

Apparatus layout for ion kinetic energy and total 

ion yield studies is shown in Figure 17. Ion kinetic en

ergy distributions were determined by the retarding field 

method. A high transparency tungsten woven cloth grid was 

placed in the beam path to the faraday cup and total ion 

current was recorded as the positive bias voltage on the 

grid was varied. The cathode structure was held at -150 

volts while the anode structure potential was varied be-

tween +103 and +13.4 volts. All voltages are measured 

relative to local earth ground. The system pressure was 

maintained at 2 x 10- 4 torr for all studies. The sample 

gas was Ar. 

Focusing studies were conducted with the apparatus 

shown in Figure 18. Lens spacings and potentials in the 

secondary triplet were selected to approximate values sug-

gested by Harting and Reed (51) for 3 element circular 

aperture lenses. The motives for selection of these par-

ticu1ar spacings were two: 1) to allow calculation of 

lens potentials for best focus and allow sizing of lens 
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Figure 18. Fourth Generation Ion Source, Focusing Studies 
Apparatus. 



power supplies, and 2) to compare best focus values with 

calculated values to see how useful the Harting and Reed 

calculations would ultimately be in future design work, 

given the nonideal nature of any real ion optical system. 

Results and Discussion 
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The ion kinetic energy distributions at the sever

al different anode potentials are shown in Figure 19. The 

data show that increasing anode-cathode bias in the manner 

described results in an increasing energy spread and a 

higher median beam kinetic energy as shown in Figures 20 

and 21. It should be noted that increasing anode poten

tial and hence anode-cathode bias leads to an increase in 

the. magnetic field required for optimum ion current. With 

the entire gun structure referenced at ground potential, 

the median kinetic energy is found to be 0.8 x (anode 

cylinder potential). All these results are consistent with 

published observations of the Penning discharge (56). 

Further, the data indicate that a substantial im

provement in ion current is possible for both sector and 

quadrupole mass analysers in comparison to that available 

from conventional electron impact ion sources, resulting 

in higher focusable ion current after mass selection. 

However, kinetic energy spread is not the only factor 

limiting beam quality. Focusing experiments were 
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conducted with the apparatus shown in Figure 18 to better 

define beam quality. Ion currents of 3.5 x 10- 6 amps 

could be focused through a 1.5 em diameter aperture with a 

system pressure of 2.5 x 10- 4 torr hexafluoroethane and a 

beam kinetic energy of 1.0 keV at the target aperture. At 

a final kinetic energy of 500 eV only 0.8 x 10- 6 amps of 

ion current could be focused through the aperture, while 

at 700 eV and 460 eV only 1.0 x 10- 6 
~d 0.50 -6 x 10 , res-

pectively, could be obtained. 15 x 10- 6 amps total ion 

current was produced under these conditions indicating that 

23% of total source output could be directed through the 

aperture and into the faraday cup for a current density of 

2 x 10- 4 amp/cm2 with a final beam kinetic energy of 1.0 

KeV. It should be noted that extractor, anticathode, and 

secondary triplet lens voltages were reoptimized for each 

final kinetic energy so that the observed changes in focus

able ion current with final beam kinetic energy do not 

represent changes in focal length of the lens. 

A detailed examination of the lens figures of mer

it published by Harting and Reed (51) show that for reason-

able image distances corresponding to convergence half 

angles of 10° or less increasing final stage kinetic ener

gy results in a lower spherical aberration coefficient and, 

at small magnification factors, a better figure of merit 



for point focusing of ions. This phenomenon is examined 

in greater detail in the following section on the fifth 

generation ion source. 

The Fifth Generation Ion Source 

Motivated by the need for cleaner vacuum with 

available equipment, the glass chamber was abandoned in 

favor of a 10.16 cm Dependex™ stainless steel vacuum 

cross. At the same time, a General Electric Monopole 300 
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was installed to provide residual gas measurements and 

analysis of ion beam composition. The new system provides 

much better ultimate vacuum since bakeout was possible 

without risk of implosion (always a risk with the glass 

cross). The new vacuum chamber provided ultimate vacuum 

f 2 10-7 . h . I d' d o x torr Wlt cryopumplng. on source eSlgn mo -

ifications include introduction of a He1mho1ts geometry 

magnet and substitution of a grid cage for the solid anode 

cylinder used in the fourth generation ion source. These 

modifications allow easy implementation of differential 

pumping of the source region with gas flow transverse to 

direction of ion beam transport. 

'Materials and Methods 

The vacuum chamber employed was a 10.16 cm 

Dependex™ type 304 stainless steel cross with a 10.16 cm 

x 5.08 cm'tee attached as the source chamber. Details of 
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the apparatus layout will be discussed in a pubsequent 

section. The chamber was pumped with a 10.16 cm CVC oil 

diffusion pump equipeed with a cryobaffel just lbelow the 

gate valve leading to the main vacuum chamber. : Type 704 

silicone diffusion pump oil was used as the working fluid. 
TM All ion source structures were asse1llbled from eV 

parts produced by Kimbal Physics, Inc. MetFll components 

were of type 304 stainless steel, while insulating spacers 

and structural support members were of A1203 . Emissive 

filaments were of 0.025 cm diameter tungstep. Ion source 

structures were mounted directly on a Dependex 10;16 cm 

diameter vacuum flange via an eV ion optics C7X7 hole 

pattern centered on the flange. Gas feed apd i0n source 

electrical feed-throughs were provided by a colutron ion 

source receptacle. The gas feed was electrically isolated 

by simply not allowing the 0.635 cm feed tube to touch any 

source parts. The ceramic mount plate used in the fourth 

generation source was abandoned. The anode cage was fab-

ricated from 0.15 cm diameter stainless steel r()ds cut to 

2.5 cm lengths and spot welded to a C7X7-Rl250 eV aperture 

plate. An SS-CY-1250/l00 ring was used to heipi secure the 

rods to the plate. 

Technical grade argon was obtained fromlAirco 

while technical grade octafluoro-2-butene was obtained 
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from Pfaltz and Bauer (lot #4548). Research grade normal 

butane (99.95% pure) was obtained from Phillips Petroleum 

(lot #1214). The technical grade gases were analyzed mass 

spectrometrically and by GC-MS (University Analytical Cen

ter) and found to be better than 95% pure. 

Apparatus Layout and 
Experimental Procedure 

The layout of the vacuum system and relative posi

tions of the ion source ch"amber, main chamber, and the 

monopole mass analyzer are shown in Figure 22. The ion 

source and optical train layout and electrical services 

are shown in Figure 23. It should be noted that an impor-

tant change in ion source electrical layout has been in-

troduced. The voltage divider formerly used to establish 

anode-cathode bias has been replaced by independent power 

supplies with floating outputs. This provided a capabil

ity of maintaining anode-cathode bias independent of beam 

kinetic energy, since the bias supplies can be referenced 

to a single supply used to determine the potential of the 

entire gun structure relative to ground. The total number 

of power supplies may appear excessive, but it should be 

remembered that the layout represents a designer's "bread 

board" and provides maximum flexibility in experimental 

work. 



Figure 22. Vacuum Apparatus for the Fifth Generation Ion 
Source. 
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Results and Discussion 

Ion current focused through a 1.5 em aperture at 

several different total pressures of argon is shown in 

Figure 24. Comparison of these data with other high yield 

ion sources (see Table 1) shows that at 500 eV final beam 

energy, the fifth generation ion source produced current 

densities comparable with commercial high pressure and tem-

perature Penning, beam plasma and colutron sources but 

operates with a total pressure of 10- 6 to 10- 4 torr in the 

ionization region, a performance characteristic which al-

lows the generation of high currents of true electron im

pact fragments of sample gas molecules, as will be 

subsequently documented. 

-6 The importance of the magnetic field at 5 x 10 

torr argon is shown by Figure 25. After optimization of 

the ion source and optical train for ion current focused 

through the 1.5 mm aperture plate the magnetic field is 

reduced to zero and then increased stepwise to the opti-

mum value and beyond. The electron impact energy here was 

70 eV. With no readjustment of focusing lens potentials 

the data shown as crosses were obtained. However, if the 

ion current through the 1.5 em diameter aperture is re

optimized by small variation in focusing lens potentials, 

the data shown as circles results, and we see a much 

broader optimum magnetic field region. This result 
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Table 1. A Comparison of Spot Focused Ion Currents 
Produced by the VHY-EI Ion Source and Several 
High Pressure, High Current Ion Guns. 

Spot Focused Final Beam 
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Ion Source Source Pressure Current Density Kinetic Energy 

Fifth Gener-
ation Ion 

-4 10-S A/ em 2 Source 10 Torr S.6 x SOO eV 

Freeman -S 2 Sourcet - 1 Torr 13.1 x 10 A/cm SOO eV 

Triode Ion 
Gun in DIDA -S 2 Apparatus* - 1 Torr 3.9 x 10 A/cm SOO eV 

Kyoto Beam 
P1asmatt - 1 Torr 

-S 2 10 x 10 A/cm 100 eV 

t J. H. Freeman, W. Temple, D. Bean1and, G .. A. Gard, Nuc1. lnstr. and 
Meth. 13S (1976) 1-11. 

*K. Wittmack, Nuc1. lnst. and Meth. 143 (1977) 1-6. 
ttK. Yagi, K. Miyake, T. Tokuyama, In "lnst. Phys. Cons. Ser. No. 38," 

1978, Chapter 3, p. 136-141. 
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Figure 25. Focusable Ion Current vs. Axial Magnetic Field. 
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indicates that electron oribtal radii in the ionization 

region influence ion beam optical properties in several 

important ways. The most -important variable in determining 

how much ion current can be focused through a small aper

ture is, however, the voltage placed on the final element 

of the secondary triplet, i.e., on the beam kinetic energy 

at the aperture. Figure 26 shows the focused ion current 

(at two different system pressures of argon) as a function 

of final stage acceleration for two different magnitude 

ranges of total ion current. Since the curves are nearly 

parallel it would appear that space charge is not an im-

portant variable at these current levels and since chro-

matic aberration can be shown to be negligible, 

magnification factor and spherical aberration best explain 

the observed increase in focused current density ,with 

final kinetic energy. The spot focusing parameter, gl' 

calculated by Harting and Reed for a three-aperture lens 

similar to the secondary focusing triplet (Figure 26), 

steadily improves with increasing acceleration. The 
-1 variation of (gl) with accelerating voltage is shown in 

Figure 27 for comparison. Spot focused current density 
-1 is directly proportional to (gl) . (See discussion in 

Appendix C.) 
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In order to directly compare the ion output of the 

VHY source with a more conventional low current Monopole 

300 source, the faraday cup assembly was removed from the 

fifth generation source structure as shown in Figure 23. 

In this configuration, ions from the VHY source could be 

fired through the repeller grid of the Monopole 300 ion 

source for subsequent mass analysis. (The Monopole source 

filaments were disconnected and the repeller grid held at 

lens C potential for this measurement.) Alternately, sim

ply reconnecting the repeller grid and filaments to the 

Monopole 300 ion source control unit allows collection of 

mass spectra of the same sample gas with a conventional low 

yield electron impact source. The spectra of research 

grade normal butane at several electron impact energies is 

shown in Figure 28, where the fragmentation pattern pro

duced by the Monopole 300 ion source is compared with that 

produced by the VHY source (the electron impact energy was 

estimated as the anode, cathode potential difference in the 

VHY source). Very similar fragmentation patterns are ap

parent. In addition, it should be noted that a marked in

crease in signal-to-noise ratio i"s possible with the VHY 

source (as compared with the Nier source) despite the very 

poor transfer efficiency of the optics. That is, the VHY 

source is able to put more ions into the acceptance aper

ture of a mass analyser than the Monopole source, which is 
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standard equipment on the unit, despite a poor optical 

injection arrangement and great distance between the VHY 

source and the monopole. With good optics, improvements of 

3 orders of magnitude are anticipated from the focusing 

study (see chapter 4). 

The mass spectra of octafluoro-2-butene, the gas 

used in the soft lander study to follow, is shown in 

Figures 29 to 31 where the fragmentation produced by the 

Nier source is again compared with the pattern produced by 

the VHY gun. It would appear that less fragmentation is 

produced by the VHY gun at a given anode-cathode setting, 

and this is in part confirmed by comparison of the spectra 

shown in Figure 30. With an anode-cathode bias of 100 

volts, a mass spectrum is produced which strongly resem

bles the Nier source spectra above mass 50. 

The fifth generation ion source established several 

important capabilities of the VHY ion source: 

1. High focused current densities could be produced 

by ionization at low pressure in a large volume if 

a relatively high degree of acceleration occurs in 

the first stage focusing. 

2. True electron impact spectra are produced and, in 

fact, a reduction in fragmentation is observed. 



Figure 29. Mass Spectrum of Octafluoro-2-butene, Fifth 
Generation Ionizer, 70 eV. 
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Figure 30. Mass Spectrum of Octafluoro-2-butene, Monopole 
300 Ionizer, 60 eV. 



Figure 31. Mass Spectrum of Octaf1uoro-2-butene, Fifth 
Generation Ionizer, 100 eV. 
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3. The VHY source can improve ion throughput in a 

monopole mass analyser even with very adverse in-

j ection optics. 

The Sixth Generation Ion Source and 
the Ion "Soft Lander" Experiments 

Focusing studies conducted with the fourth and 

fifth generation ion sources indicated that high focused 

ion current densities could only be obtained at relatively 

high final beam kinetic energies with the transfer optics 

in use. Detailed calculations of lens properties by 

Harting and Reed (51) suggested that the limiting factor 

here was spherical aberration in the focusing triplet. 

Making further use of the Harting and Reed calculations, a 

decelerating, focusing three element aperture plate lens 

was designed and built as described in Appendix C. The 

triplet lens was designed to reimage the ion current fo-

cused through a 3.0 mm aperture at 1 to 2 KeV beam energy 

on a 1.5 mm aperture with a beam energy of 40 to 100 eV 

and negligible increase in spot size due to spherical aber

ration. As will be shown below, the design effort was suc

cessful. 

In addition, several major modifications in ion 

source design were introduced to make the system more near-

ly approach ideality. 
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Materials and Methods 

The vacuum station layout was the same as that 

already described above for the fifth generation source. 

The same Kimbal Physics eV™ parts were used to build all 

components. Filaments were made from Mackey 0.025 cm diam-

eter 1% thoriated tungsten (lot #J299-N) instead of the 

plain tungsten wire used in the past. Reagent gases were 

the same as already described for the fifth generation ion 

source. 

Apparatus Layout and 
Experimental Techniques 

The layout of the sixth generation ion source with 

soft lander is shown in Figure 32. The 6.35 cm SS-CY-1250/ 

2500 cylinder provides a more uniform field in the flight 

space between the last aperture plate of the secondary 

focusing triplet and the target aperture. With both the 

target aperture plate and lens element C held at or near 

-1 KeV, field penetration from the surrounding vacuum cham-

ber walls has resulted in star shaped ion beam impact pat-

terns near the target aperture in the fourth and fifth 

generation sources, suggesting that better focused ion 

currents could be achieved if this particular aberration 

were removed. Shielding surfaces can, however, be a 

source of aberration in themselves if insulating deposits 

are allowed to build up. Experience with the fifth 
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generation source indicated that high focused current 

density could be obtained at lower pressures, i.e. under 

cleaner vacuum conditions where insulating deposits develop 

less rapidly. The only other major change between the 

fifth and sixth generation ion sources involves the optical 

arrangement for extraction of ions from the anode cylinder. 

The conical anticathode "plasma cup" and eV PL C7X7-R-1500 

extractor lens was replaced as follows: The anticathode 

became a simple eV PL C7X7-R-1000 and the extractor was re-

placed by an eV PL C7X7-R-1250 holding an eV CY-1250j1250. 

The motive here was once again to try to reduce field pene-

tration by shielding the flight path where higher voltages 

occur. The conical "plasma cup" anticathode was intro-

duced only on the basis of publications involving duoplas

matron beam quality (57) and offers no real advantage at 

lOvJer pressures, as will be shown below. 

Results and Discussion 

Using the sixth generation VHY ion source in com

bination with the ion soft lander structure it was possible 

to focus 1.2 x 10- 6 amps of octafluoro-2-butene fragment 

ions through a 1.5 mm diameter aperture with a final ion 

impact kinetic energy of 55 electron volts (67 microamps/ 
2 cm). This current density was achieved at a total system 

pressure of 5 x 10- 5 torr octafluoro-2-butene without 



differential pumping of the source region. The ion 

current cited above was that recorded at a first surface 

aluminum mirror target. 

Performance of the VHY-EI Ion Source 
with r~ Path Stability Mass Filters 

The sixth generation ion source described in 
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Chapter 2 of this dissertation displays many of the impor

tant properties of the desired very high yield ion source. 

High spot focused current densities could be achieved with 

low final ion kinetic energies and reasonable convergence 

half angles. In this chapter the results of experimental 

studies of the VHY-EI ion source in combination with two 

RF path stability mass filters is reported. Further im-

provements in ionizer design are also incorporated, along 

with absolute ionization-mass analysis efficiencies at mass 

flow rates approaching 1 mg/min and fragmentation patterns 

of a variety of organic compounds. Residual gas sensitivi

ties are reported for comparison with the best state of the 

art electron impact ionizers. 

Materials and Methods 

The ion sources were constructed using Kimball 

Physics eV™ parts. Two types of emissive filament struc

tures have been used in these studies. In the VHY-EI-

Monopole 300 instrument, 0.025 cm diameter thoriated 
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tungsten wire was spot welded to 0.318 cm diameter 

tantalum support post conductors. The four support posts 

were mounted on an eV™ C7X7 plate at the corners of a 

square 1.5 cm on an edge in the center of the plate. Ap

proximately 10 cm of the thoriated tungsten wire was wound 

into an he 1ix with a 0.3 cm diameter and mounted in a "U" 

shape on the 4 support post conductors. A nickel plated 

mild steel filament shield was placed over the filament 

structure both to focus magnetic flux and reduce filament 

contamination. 

In the VHY-EI-quadrupole instrument 3.175 cm 

x 0.005 cm x 0.068 cm Electron Technology Inc. (58) thoria-

ted iridium ribbon with platinum end tabs was used as the 

emissive filament material. Either one filament ribbon or 

two filament ribbons were mounted between 0.318 cm diameter 

tantalum support rails. An electron extracting grid was 

placed 0.318 cm away from the emissive filaments, between 

the filaments and the electron focus plate. No filament 

shield was used with this filament structure. 

Both filament types were heated to emission temper-

ature with voltage regulated, direct current power sup

plies. No emission regulator was employed since emission 

current was sufficiently stable for these studies. 
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Figure 33 shows the ion source housing used in this 

study. Also shown are the relative positions of the ion

izer and the Helmholtz geometry solenoids. For proper op

eration the emissive filaments must be positioned at least 

0.6 cm within the first solenoid structure as shown in 

Figure 33. The Helmholtz solenoids were wound with no. 12 

armature wire on cylindrical mild steel holders. The hold

ers were equipped with annular mild steel end plates to 

contain the windings. The edges of the mild steel (ferro

magnetic) holders facing the high magnetic flux region have 

been rounded to a 0.625 em radius to help obtain higher 

fluxes in the anode cylinder region itself. One amp of 

solenoid current produced a 19 gauss field in the anode 

cylinder as measured with an F. W. Bell Gauss meter. 

Research grade n-butane (99.995%) obtained from 

Phillips Petroleum, Eastman Kodak tributylamine and 

n-butanol were used as received. Eastman Kodak diethyla

mine was vacuum distilled and refrigerated befo~e use. 

l-pentene and 2, 4 -pentanedione were obtained from MCB 

(99%) and were used as received. D-limonene was analysed 

by GC-MS .~nd found to be better than 95% pure as deter

mined from the total ion current chroamtogram (University 

Analytical Center). 
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Apparatus Layout and 
Operation 
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The ion optical and electrical layout of the VHY-EI 

ionizer-monopole 300 instrument is shown in Figures 34(a) 

and·34(b). The monopole and ionizer are mounted on sepa

rate flanges and aligned with an assembly made of eV™ 

parts including one specially machined C7X7 plate which was 

attached to the monopole injection lens structure. 

The ion optical and electrical layout of the VHY-EI 

ionizer-quadrupole instrument is shown in Figures 35(a) 

and 35(b). The ionizer and quadrupole were mounted togeth-

er on a single optical rail assembly so dimensioned that 

both ionizer and analyzer were coaxial with the vacuum 

chamber when inserted for use. A differential pumping baf

fel is mounted near the outlet end of the extractor cylin-

der and also aids alignment by providing support for the 

anode cylinder end of the ionizer (Figure 33). Sample 

vapor is introduced transverse to the ion beam axis at the 

anode cylinder (Figure 33), and the ionization chamber was 

evacuated via a 5 cm port located directly below the anode 

cylinger with a 10 cm CVC oil diffusion pump and liquid 

nitrogen filled chevron cryobaffel. 

Both ionizers are operated in the same fashion. 

Calculated voltage values (see Appendix C) are placed on 

the various lens elements, the anode-filament bias voltage 
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is set at the desired electron energy, filament current is 

adjusted for a measured emission current of about 10 milli

amps, and solenoid current is set at 1 amp for a 19 gauss 

axial field. A convenient RG ion is selected for optimiza

tion and with the mass analyzer repeatedly scanning that 

mass peak, ionizer operating parameters are adjusted for 

best signal and peak shape. Typical optimum operating vol

tages are shown in Table 2. It should be noted that the 

VHY-EI ionizer can be operated under direct discharge con

ditions (no magnetic field) with high electron impact ener

gies (80 eV or greater) and high emission currents (30 to 

50 milliamps) with no important loss of signal intensity. 

In fact, best RG sensitivities have been obtained under 

direct discharge conditions. However, the cyclotroning 

magnetic field is essential for high ion currents under 

low emission current conditions and at low electron impact 

energy. 

Two rf path stability mass filters were used in 

this study: 1) A General Electric Monopole 300 operated 

at 2.57 MHz and 2) An Extranuclear 4-162-8 0.95 cm quadru

pole operated at 2.58 MHz with the ELFS (Extranuclear Labs 

Field Separator) unit removed unless otherwise indicated. 

Ion currents were measured with a faraday cup and 

electrometer in the VHY-EI ionizer-quadrupole instrument. 



Table 2. Typical Optimum Operating Conditions. 

Anode Cylinder: 

Filaments: 

Magnetic Field: 

Anticathode: 

Extractor: 

First Focusing Triplet; A: 

Decelerator; A: 
B: 
c: 

Trim Cylinder: 

Quadrupole Aperture: 

B: 
c: 

+40 Volts 

-30 Volts, 16 milliamps 
emission 

14 gauss on axis 

··30 Volts 

-100 Volts 

-150 Volts 
-150 Volts 
-2000 Volts 

-2000 Volts 
-1000 Volts 
-305 Volts 

-478 

-125 
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Note: These operating conditions were used to acquire the 
organic compound spectra shown in the Results and 
Discussion section. Other operating conditions are 
possible. 
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The faraday cup was biased at -300 Volts (for efficient 

ion collection) with a dry cell battery, the positive termi

nal of which was held at virtual ground by the op-amp type 

electrometer amplifier. At such high bias voltages, sec-

ondary electron emission can be a problem, but no evidence 

of inaccurate ion current measurements resulted when a 

suppressor plate biased at -1000 Volts was placed in front 

of the faraday cup. In addition, ion current was independ

ent of cup bias voltage for currents of 10- 9 amps or less. 

Results and Discussion 
of Results 

A. The VHY-EI Ionizer-Monopole 300 Instrument. A 

direct comparison was made between the conventional ionizer 

with which the Monopole 300 was originally equipped and the 

VHY-EI ion source. In both cases the sample pressure was 

5 x 10-6 torr n-butane, emission current was 2.0 milliamps 

and multiplier voltage was 1.5 kV. Electron kinetic energy 

was 70 eV for the conventional ionizer and 60 eV for the 

VHY-EI ionizer. Both ionizers were tuned for maximum sig-

nal on the molecule ion of n-butane. Results are shown in 

Figure 36. As the electrometer gain shown in the figures 

indicates, the VHY-EI ion source produces over 1000 times 

more mass analyzed ion current than the conventional ion-

izer. No important loss in resolution measured as peak 
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full width at half maximum is observed in the VHY-EI 

spectrum, but peak bases are substantially wider. Ion 

space charge effects should increase the path stability 

parameter, ay ' values in the monopole (see Appendix B), 
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changing the position of the operating line in the stabil-

ity diagram (59, 60) but not changing the peak width in 

view of the shape of the monopole stability region. The 

more likely cause of the wider peaks lies in the difference 

in ion kinetic energy and energy spread between the two 

ionizers. Energy spread was not measured under these oper-

ating conditions but that of the VHY-EI ionizer is presum

ably larger. Dawson has calculated that a 10% energy 

spread in the ion beam will result in a peak broadening of 

about 30% (60). 

B. The VHY-EI Ionizer-Quadrupole Instrument. 

With the Extranuclear 4-162-8 0.95 cm quadrupole operated 

at 2.56 MHz, without the "ELFS" field separator unit the 

VHY-EI ionizer unit could deliver 1.0 x 10- 6 amps to a 

faraday cup detector when the pole set was operated in all 

rf (total ion current) mode. The sample gas was Ar at 

1 x 10-5 torr and 45 milliamps of emission current at 

80 eV electron kinetic energy was used. On reapplying DC 

voltage to the poles and setting resolution such that the 

Ar mass peak was 1 amu wide at 10% of peak maximum a mass 
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analyzed RG sensitivity of 1.2 x 10-2 amps/torr results. 

With an axial magnetic field of 92 gauss, 0.87 milliamps of 

emission at 80 eV, and 2 x 10-5 torr Ar 1.7 x 10- 6 amps 

were available in all rf mode and an RG sentitivity of 
-2 0.8 x 10 amps/torr was obtained. Better RG sensitivities 

are obtained at lower total sample pressures and lower ion 

currents. A residual gas spectrum taken at an indicated 

pressure of 2. x 10- 7 torr is shown in Figure 37. Total ion 
-8 current on all peaks is 1.2 x 10 amps resulting in a 

sensitivity of 6 x 10- 2 amps per torr. A spectrum of Argon 

and mixed residuals is shown in Figure 38. This is 10 to 

100 times better than the best commercial RG ion sources 

operated at the same ele~tron energy (26, 29). 

In general the best throughput at a particular 

pressure is obtained by reoptimizing the ionizer operating 
+ parameters at that pressure. A throughput curve for N2 

from a room air sample is shown in Figure 39. With the 

ionizer optimized at 1 -5 x 10 torr a sensitivity of 10- 2 

amps/torr is obtained. Resolution was set at 80 at low 

sample pressure and deteriorated to 50 at maximum N2+ ion 

current. Throughput is observed to drop off above 10-5 

torr and below 3 x 10-6 torr, probably as a result of ion 

space charge effects. Throughput could be increased below 

3 x 10- 6 torr by readjusting lens voltages but could not 



88 

Residual gases, Pt= 1.0 x 10- 7 torr 

Base peak ion current-
8.0 x 10-9A • 

• 95cm pole set. 

r 0 =.411 CIJI. 

f=2.58 MHz. 

o't 
2 

Figure 37. Residual Gas Spectrum, VHY-EI Ionizer
Quadrupole Instrument. 
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Figure 38. Argon Spectrum, VHY-EI Ionizer-Quadrupole 
Instrument. 
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Figure 39. N2+ Ion Current vs. Sample (air) Pressure, 
VHY-EI Ionizer-Quadrupole Instrument. 
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be so increased above 10- 5 torr. If the quadrupole 

acceptance aperture is assumed to be O.lrO (47-50), an ap

proximate space charge limiting current can be calculated. 

The distance from the decelerator exit aperture to the 

quadrupole entrance aperture is 1.7 cm. A convergence half 

angle of 3° or less is assumed. So, with r = 1 0.25 cm, 

L = 1.7 cm, V = 130 Volts, and rl/.lrO = 2 an approximate 

expression for ions of mass 30 amu is equation 2, 

Equ. 2. 

I < .35 x 10-7(V3/2)/(L/rl)2 (56) 

where 

space charge can be neglected to first approximation 

when the beam current is less than the value of the 

expression on the right 

With the above assumptions 2.3 x 10- 7 amps is the calcula

ted space charge limit for this quadrupole, injection op-

tics combination, a value in good agreement with the 

maximum mass analyzed ion current observed at unit reso-

lution. The SAMS mass spectrometer system could reduce or 

eliminate ion space charge and background limitations (19). 

Since one of the analytical goals motivating the 

VHY-EI ion source development program is trace organic 

analysis under high sample mass flow rate conditions (the 

organic compound is a trace component of the sample 

stream), the quality of the spectra produced and the 
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ionization-mass analysis efficiency are both important 

parameters. The results of ionization efficiency studies 

have been summarized in Table 3. Electron energy was 

70 eV, batch inlet temperature 150°C, and sample mass flow 

rate between 0.3 and 0.8 milligrams per minute. Sample 

pressure as indicated by a cold cathode Penning gauge was 

held at 3 x 10- 6 torr in all cases excpet tributyl amine 

which was held at 2 x 10-6 torr. Resolution was set so 

that mass peak full width at half maximum was between 0.4 

and 0.6 amu. About one molecule in 105 is ionized, inject-

ed into the quadrupole, mass analyzed at better than unit 

resolution and collected by the faraday cup detector. 

Thus the VHY-EI-quadrupole compares favorable with conven-

tional magnetic sector instruments operated at much lower 

sample mass flow rates. 

Representative spectra taken during the ionization 

efficiency study are shown in Figures 40 through 46. The 

spectra compare favorable with published 70 eV spectra (61) 

of the same compounds. No evidence of unusual pyrolysis 

processes or ion molecule reactions are observed. It is 

especially noteworthy that the molecule ions of tributy1-

amine, diethylamine, and n-butano1 show no significant 

(m + 1)+ peak intensity increases resulting from proton 

transfer reactions. These proton transfer reactions are 



Table 3. A Summary of Absolute Ionization-Mass Analysis Efficiency Data for 
Organic Compounds at High Mass Flow Rate. 

Compound 

methy1cyc1ohexane 

N,N-dimethy1acetamide 

2,4-pentanedione 

diethylamine 

n-butano1 

1-pentene 

t ributy 1amine 

d-1imonene 

Coul+/ilg 
M 

6 x 10-10 

9 x 10-10 

6 x 10-10 

8 x 10-10 

3 x 10-12 

7 x 10-10 

1 x 10-10 

4 x 10-12 

Co¥l.!ilg 
M base' 

3 x 10-9 

3 x 10-9 

4 x 10-9 

4 x 10-9 

2 x 10-9 

3 x 10-9 

-8 
1 x 10 

1 x 10-9 

Base Peak 
Ion Current 

-8 
1. 4 x 10 A 

-8 
-1.6 x 10 A 

-8 2.4 x 10 A 

-8 
1. 6 x 10 A 

-8 
1.5 x 10 A 

-8 
2.4 x 10 A 

-9 
7.5 x 10 A 

-9 
5.4 x 10 A 

-6 -6 Sample Pressure: 3 x 10 Torr, C 2 x 10 for tributy1amine 
Emission Current: 16.3 rnA 
Inlet Temperature: 150°C 
Mass Flow Rate of Sample: .3 to .8 mg/min. 

8M (afilu) 
FWHM 

.6 

.5 

.5 

.4 

.5 

.4 

.7 

.5 

M+/M 

7 x 10-7 

8 x 10-7 

6 x 10-7 

6 x 10-7 

2 x 10-8 

5 x 10-7 

2 x 10-7 

6 x 10-8 

M+b /M ase 

3 x 10-6 

3 x 10-6 

4 x 10-6 

3 x 10-6 

2 x 10-6 

2 x 10-6 

2 x 10-6 

1 x 10-6 

\0 
LU 
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Figure 40. n-Buano1 Spectrum. 
Compound 
Sample Pressure 
Sample Flow Rate 
Electron Energy 
Emission Current 
Inlet Temperature 
Base Peak Ion Current 

, 
Gainx30 

73 

n-buta!].gl 
3 x 10 torr 
0.5 milligrams/min. 
70 eV 
16.3 milliamps 
150°C -8 
1. 5 x 10 A 

94 
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Figure 41. d-Limonene Spectrum. 
Compound d-limonene 
Sample Pressure 
Sample Flow Rate 
Electron Energy 
Emission Current 
Inlet Temperature 
Base Peak Ion Current 

3 x 10-6 torr 
0.4 milligrams/min. 
70 eV 
16.3 milliamps 
150°C 
5.4 x 10- 9 amps 

\0 
V1 
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Figure 42. l-fentene Spectrum. 
Co~npound I 

Sa~nple Pressure 
Sarnple Flow Rate 
El~ctron Energy 
Em~ssion Current 
InJet Temperature 
Ba~e Peak Ion Current 

70 

I-pentene 
3 x 10- 6 torr 
0.8 milligrams/min. 
70 eV 
16.3 milliamps 
IS0°C -8 
2.4 x 10 A 

96 
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Figure 43. 

44 

25 

N, N-dimethy1acetamide 
Compound 
Sample Pressure 
Sample Flow Rate 
Electron Energy 
Emission Current 
Inlet Temperature 
Base Peak Ion Current 

97 

87 

72 

Spectrum. --
N, N-dimethy1acetamide 
3 x 10-6 torr 
0.4 milligrams/min. 
70 eV 
16.3 milliamps 
IS0°C -8 
1. 6 x 10 A 
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Figure 44. Methy1cyc1ohexane Spectrum. --
Compound methy1c6c1ohexane 
Sample Pressure 3 x 10- torr 
Sample Flow Rate 0.4 milligrams/min. 
Electron Energy 70 eV 
Emission Current 16.3 milliamps 
Inlet Temperature 150°C 
Base Peak Ion Current 1.4 x 10-8A 
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Figure 45. Diethylamine Spectrum. 
Compound 
Sample Pressure 
Sample Flow Rate 
Electron Energy 
Emission Current 
Inlet Temperature 
Base Peak Ion Current 

58 

73 

diethylamine 
3 x 10- 6 torr 
0.6 milligrams/min. 
70 eV 
16.3 milliamps 
150°C -8 
1. 6 x 10 A 

99 
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Figure 46. 2, 4-pentanedione Spectrum. --
Compound 2, 4-peutanedione 
Sample Pressure 3 x 10- 0 torr 
Sample Flow Rate 0.5 milligrams/min. 
Electron Energy 70 eV 
Emission Current 16.3 milliamps 
Inlet Temperature 150°C_ 8 Base Peak Ion Current 2.3 x 10 A 
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observed in conventional EI ionizers and appear as 

increases in (m + 1)+ intensities above the value expected 
13 . - + from C ~sotope abundance (20). The (m + 1) peak inten-

+ sity is 6% of m in the case of n-butano1 and 3% in the 

case of diethylamine. A spectrum of the tributy1amine 

molecule ion region taken at higher resolution than the 

one shown here gave (m + l)+/m+ as 10%. The observed 

value of (m + l)+/m+ is within 2% of the isotopic value in 

all cases. 

Generation of low electron impact energy spectra 

is an important capability of any electron impact ionizer. 

Figures 47 through 49 show spectra of tributy1amine taken 

at three electron impact energies ranging from a nominal 

15 eV to 70 eV. Once again, a faraday cup detector was 
-11 used and 5 x 10 amps of mass analyzed ion current is 

available at the base peak of the 15 eV spectrum. Sample 

pressure was 1.5 x 10- 6 torr, and sample mass flow rate 

about .5 milligram per minute .. Low voltage operation has 

several attractive features such as spectral simplicity 

and ionization sensitivity. However, sensitivity is so 

poor when conventional ionizers are used that analytical 

applications of the low voltage operating domain have 

been somewhat limited to date (20, 16). By providing 

higher useful ion currents under low electron energy 
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Figure 47. Tributylamine Spectrum, 
Compound 
Sample Pressure 
Sample Flow Rate 
Electron Energy 
Emission Current 
Inlet Temperature 
Base Peak Ion Current 

102 

142 

185 

15 eV. -
tributylamine 
2 x 10- 6 torr 
0.4 milligrams/min. 
15 eV nominal 
0.035 milliamps 
150°C -11 
5 x 10 A 
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Figure 48. Tributylamine Spectrum, 
Compound 
Sample Pressure 
Sample Flow Rate 
Electron Energy 
Emission Current 
Inlet Temperature 
Base Peak Ion Current 

50 eV. 
tributylamine 
1 x,10-6 torr 
0.2 milligrams/min. 
50 eV nominal 
1. 2 milliamps 
150°C -9 
7 x 10 A 

185 

I-' 
o 
w 
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Figure 49. Tributylamine Spectrum, 

Compound 
Sample Pressure 
Sample Flow Rate 
Electron Energy 
Emission Current 
Inlet Temperature 
Base Peak Ion Current 

142 

70 eV. -
tributylamine 
2 x 10-6 torr 
0.4 milligrams/min. 
70 eV 
5.2 milliamps 
150°C -9 
7 x 10 A 

185 

I-' 
o 
-I>-
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conditions the VHY-EI ionizer is able to lower detection 

limits under low voltage conditions and allow the full 

analytical utility of the low voltage domain to be real

ized with conventional quadrupole mass analyzers. 



CHAPTER 3 

Su~RY, CONCLUSIONS, AND 
FUTURE DIRECTIONS 

The Very High Yield Electron Impact (BEY-EI) ion 

source is capable of producing unusually high mass analyzed 

ion currents in combination with two different types rf path 

stability mass analyzers. True electron impact conditions 

are maintained with sample mass flow rates approaching 1 

milligram per minute. Electron impact fragmentation pat-

terns of several organic compounds compare favorably with 

reference spectra and show no evidence of unusual fragmen-

tation processes or ion molecule reactions. In addition, 

the VHY-EI ionizer is capable of producing unusually in-

tence low voltage spectra of organic compounds. 

Direct comparison of the VHY-EI ion source with the 

more conventional Monopole 300 ionizer demonstrated that 

the former ionizer could produce mass anlayzed ion currents 

one thousand times more intense than those produced by the 

latter as is reported in Chapter 2 of this dissertation 

(see Figure 3). 

Comparison of the VHY-EI ionizer with other high 

yield ionizers revealed a ten to one hundred fold advantage 

106 
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for the former ionizer measured as amps of unmultiplied ion 

current per torr of gas pressure under comparable condi

tions of electron energy, analyzer type, analyzer resolu

tion, and sample type. The comparison is reported in 

Chapter 2 of this dissertation (p. 87) and summarized in 

Table 4 which follows. 

The varied capabilities of the VHY-EI ion source 

demonstrate that it constitutes a significant advance in 

the state of the art of electron impact ionization for 

analytical purposes. Additional work in necessary in order 

to realize the full analytical potential of the device. 

Most important is combination of the high ion current cap

abilities of the VHY-EI ionizer with the superior ion cur

rent capacity of the Separator-Analyzer Mass Spectrometer 

(SAMS) already under development here at The University of 

Arizona (19). In addition, superiorquality vacuum chambers 

and pumping techniques need to be provided in the ion 

source region itself. Bake temperatures of at least 300°C 

and oil free vacuum are both essential for effective trace 

analysis in electron impact mode. Direct interfacing to 

capillary GC and LC columns is also desirable. 

Full exploration of the unique low electron impact 

energy capabilities of the VHY-EI should prove a productive 

and useful avenue of research. Because lower total ion 
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currents are expected at any given Siample mass flow rate, 

studies in this area should be poss1ble withiexisting mono

pole and quadrupole mass filters. 'l:he availability of 

high electron emission currents at very low electron impact 

energies suggests the use of the VHY-EI ionizer as a low 

pressure source of negative ions. 1~he electtostatic fo-

cusing optics can be adapted for negative iOIils by simply 
, ' 

changing the sign of all lens volta&es. Mas~ analyzed 

negative ion current can then be op~:imized by adjustment 

of anode cylinder, grid, and antica~:hode voltages, though 

some modification of the ion format:i,.on volume may be neces-

sary for best effect. The formatio~ of negative ions under 

low perssure, collisionless conditiqns should be less sen-

sitive to those interferants which plague high pressure 

electron capture negative ion sourc~s although increased 

frag~entattion should result from th~ absence I of collisional 

deactivation of excited negative io~s. 



Table 4. A Comparison of the VHY-EI Ion Source with Several Commercial High 
Yield EI Ionizers. -- Amps of Unmultiplied Ion Current per Torr of 
Residual Gas 

Analyzer Sensitivity, 
Ionizer r , f Resolution e Energy Sample Type A/Torr 

0 

VHY - EI Extranuclear lim = 1 amu 80 eV Ar 5 x 10-2 

(crossbeam) 4-162-8 at 10% of or A/Torr 
r = 0.411cm peak maximum, l-1ixed residuals 

0 (See Figure 37) f = 2.56 MHz lim = 0.5 amu 
no ELPS unit FWHM 

Extranuclear Extranuclear 100 eV N2 2 x 10-3 

041-1,3 4-162-8 lim = 0.5 amu A/Torr 
(axial beam) r 0.411cm FWHM 

0 

f > 3 MHz 

Extranuclear Extranuclear lim = 0.5 amu 
2 x 10-4 

041-2,4 4-162-8 FWHM 100 eV N2 
(cross beam) r 0.411cm A/Torr 

0 

f > 3 MHz 

Balzers Balzers lim = 1 amu 80 eV Ar 5 x 10-4 

axial beam or QMZ 150 10% of peak A/Torr 
cross beam with r 0.302cm maximum 
magnetic elec- 0 

tron beam con- F = lMHz 

finement t-' 
0 

'" 



APPENDIX A 

THE ELECTRON IMPACT IONIZER 

Collision with electrons having kinetic energies 

greater .than the ionization potential of the target mole

cule or atom is the oldest and most widely employed ion 

formation methodology used in analytical mass spectrometry. 

It is the means of ionization used in over 95% of all or

ganic analysis (62), and is the standard against which any 

new ionization technique must be measured. The large num

bers of recorded EI reference spectra have resulted in the 

assembly of extensive computer-stored reference files and 

the development of effective means of searching such files 

as a means of identifying the compound or compounds in an 

analytical sample (63). The substantial amount of struc

tural information contained in an electron impact fragmen

tation pattern has prompted many workers to use dual EI-CI 

ion sources because chemical ionization (CI) spectra, 

though useful in prQviding molecular weight information, 

often provide little or no structural information (62). 

The limitations and deficiencies of the electron 

impact ionizer stern from energy considerations, and limita

tions of conventional ionizer design. The electron impact 
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ionizer will produce its best sensitivity, in terms of the 

most ions derived from a given number of sample molecules, 

at relatively high electron energies such as 50 to 100 eV. 

The molecule ions formed under these conditions are un

stable with respect to fragment ions and tend to break up 

rapidly. This fragmentation process does provide the struc

tural information referred to above but can be a problem if 

molecular weight information is desired or the sample is 

composed of a comple~ mixture. Reducing electron impact 

energy to 15 eV or lower results in considerable reduction 

in fragmentation and corresponding spectral simplification. 

Sensitivity, however, drops by 3 orders of magnitude (64). 

The low electron impact energy domain has found important 

analytical application in the petroleum industry (16). In

creasing sensitivity at low electron energy is essential if 

the full analytical potential of the electron impact ioni

zer is to be realized. Electron impact ionization is es

pecially limited in application to thermally labile 

compounds of low volatility. In beam ionization and flash 

volatization methods have proved effective this field (65, 

66) permitting useful spectra of polysaccharides, peptides 

and lipids to be obtained. Once again, however, better 

sensitivity, especially at low electron impact energy is 

desirable. 
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Another limitation of the EI ionizer derived from 

energy considerations is ionization selectivity. Under 

typical operating conditions of 70 eV electron energy and 

10- 6 torr sample pressure any compound with an ionization 

potential less than 70 eV will be ionized. This often in-

cludes residual material from previous analyses, diffusion 

pump oil, roughing pump oil, and air. In complex mixtures 

all sample components will be ionized and fragmented making 

the determination of trace species in that mixture diffi-

cult or impossible. Fenselau (67) has documented this 

problem in some detail, emphasizing the importance of se-

lectivity in each stage of the analysis from sample prep-

aration to ion detection. Isobutane CI was an important 

part of obtaining the selectivity needed for detecting a 

drug metabolite in plasma and urine using the sample 

cleanup and chromatrgraphic methods described. Nestrick 

and Lemparski (68) have, however, demonstrated that EI 

ionization can be useful in determining trace species in 

complex biological matrices if proper sample preparation 

and separation methods are employed. As noted above the 

selectivity of the EI process can be improved if better 

sensitivity becomes possible at low electron impact 

energies. 

Unfortunately, there are no universal panaceas in 

the field of Analytical Chemistry. The very selectivity 
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of chemical ionization methods can result in either 

interferences of chemical origin or limitation of a parti

cular CI method to a very limited range of compound types 

(69). Kallos, Caldecordt and Tou (70) have shown that 

reagent ion concentrations can be drastically reduced by 

trace contaminants in the reagent stream. The problem is 

especially severe in the corona discharge atmospheric pres

sure ion source. The discharge has been observed to go out 

when low levels (1 ppm) of certain interferent compounds 

are present in the sample stream (71). In negative ion 

mode the atmospheric pressure ion source is subject to 

many of the same interferents that affect the electron cap

ture detector (69). Since the ionization process occurs 

under collisionless conditions in the EI ionizer inter

ferences resulting from ion-molecule chemistry are unim

portant. 

The development of new ionization methods does not 

of necessity imply the demise of the EI method and EI ioni

zer development. As is shown above, many of the conven

tionally named disadvantages of the EI ionization method 

can prove to be advantageous in specific analytical situ

ations, a fact which has resulted in the development of 

commercial dual EI-CI ion source structures by many manu

facturers (25-27). While sample ionization-mass analysis 
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efficiencies of ne~rly uniuy have been reported for 

chemical ionizers ~)f special design for molecules with 

special characteri~tics it .should be noted that similar 

ionization-mass an~lysis e£:ficiencies have been reported 

for specialized EI ionizer~ (72). In general the sensitiv

ity of both ionize~ types is similar (62). 

The need fqr furth~r EI ionizer development may be 

surprising given the great age of the technique but as is 

shown above and in the introductory chapter of this disser

tation considerabl~ room for improvement exists. The need 

for better sensitivity at low electron impact energy and 

the need for EI ior~ sources able to handle the sample mass 

.flow rates charact~ristic of LC-MS and GC-MS have both been 

detailed. In the ~ollowing, the characteristics of conven

tional electron imnact ion Isoruces, high yield electron im

pact ionizers, and various high yield gas discharge ion 

sources relevant tq VHY-EI ionizer development are given. 

A schematic;. diagram of a conventional "cross beam" 

or Nier (21) type ~:I ion source is shown in Figure 50. 

Electrons emitted ~rom the heated filament enter the 

source block throu&h a smal,l aperture in one side. The 

electron beam cros~es the source block, ionizing a small 

fraction of the ne1:j.tral species therein and is collected 

in an anode electrqn trap. I The electron beam is often 

collimated by an a~ial magnetic field of about 300 gauss. 
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Figure AI, Conventional Cross Beam EI Ionizer, 
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Fifty 3V electrons will them move on a helical radius of 

0.34 mm with a pitch of 7 mm (on average). Typical fila

ments produce a total emission of 10-4 amps with about 1/4 

of that passing through the aperture to the anode trap. 

The most important feature of this type of ionizer is that 

ions are formed in a very small region of space defined by 

the diameter of the electron beam. Since the voltage gra

dient inside the source block in on the order of 20 V/cm 

the energy spread in the final ion beam will be very small 

compared to final beam kinetic energy, an essential charac-

teristic for good resolution on magnetic sector mass anal-

yzers. From an optical standpoint the crossed beam ionizer 

is a good approximation of a monoenergetic point source. 

The sample mass flow rate limitations of the cross 

beam ionizer results from the small volume of the source 

block and the small vacuum conductances of the ion exit 

aperture and the electron entrance and exit apertures. 

Chemical ionization conditions result if the source pres-

sure is raised to about 1 torr and the electron energy is 

increased to about 500 eV. In the Kratos MS80 CI/EI ion 

source both ionization methodologies are conducted in the 

same source structure by simply changing the gas flow rate 

into the ionizer (73). In general, the maximum sample 

mass flow rate compatable with EI conditions is on the 

order of 1 microgram/min (74). 
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Efforts directed at more efficient, more intense 

ion sources for an1aytica1 mass spectrometers have general

ly involved quadrupole mass ana1ysers because they have a 

relatively large aperture for low energy ions and can ac

cept ion beams with large convergence angles (up to 16 

dependent on resolution and analyzer dimensions) and wide 

variation in ion kinetic energy (approximately 50 eV, also 

dependent on analyzer geometry and resolution). The gener

al principles of source design for quadrupo1es have been 

discussed by Brubaker (75), Swingler (52) and Dawson (47-

50). Dawson in particular emphasizes the need for re

search in the area of ionizer-analyser aperture matching. 

In general, EI ionizers designed for us with the 

quadrupole mass filter have been drived from the Nier de

sign. Modifications to increase ion yield include high 

wattage filaments to improve electron emission current and 

the use of source blocks made of metallic grid or mesh to 

improve residual gas analysis by improving source vacuum 

conductance. A good example of this type of ionizer is 

the Ba1zers cross beam ion source (29). More recently 

axial and grid type ion sources of cylindrical geometry 

have been introduced (26). Instruments of this type are 

designed around a cylindrical metallic mesh anode (source 

block) around which a high emission filament is placed. 

Examples of ionizers of this type include the Ba1zers grid 
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and axial beam ion sources and the Extranuclear 0-41 or 

Fite ionizer (26). A schematic of the 0-41 series ioni-

zers is shown in Figure 51. 

High yield ionizers of the grid cage of axial beam 

type were developed for residual gas, atomic and molecular 

beam work not for organic analysis. The combination of 

high wattage filaments and small ion formation volume (on 

the order of 1 cm3) results in large areas of high temper

ature metallic surfaces which can pyrolyze fragile organic 

compounds. In addition, the high vacuum conductance of 

the grid or mesh source block places unusual demands on 

the ion source vacuum system. One of the original motives 

for the low conductance source block used in the Nier ion-

izer was exclusion of residual diffusion pump working 

fluid and other unavoidable system contaminants from the 

ion formation region. Use of high conductance ion forma

tion regions in organic analysis demands source chambers 

which can be baked to at least 300°C and clean turbomole-

cular pumping technology. The direct detection of the Xe 

isotope cluster in room air (1 ppb) reported by Finnagen 

and Balzers (29, 27) demonstrates the potential of modern 

clean vacuum technology. Realizing the full analytical 

potential of EI ionization will depend on the use of 

available clean vacuum technology. To date the 
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manufacturers have not deployed the high cond~ctance-high 

yield ionizers on any instrument intended for organic 

analysis. 

The development of high yield EI and gas disch~rge 

ion sources is also of interest in a number of areas out

side analytical chemistry and organic mass st~ctrometry. 

Accelerator physicists, molecular beam workers and those 

involved with semiconductor fabrication (ion i,mplantation) 

have made high yield ion sources the subject of intense 

study. The area has been extensively reviewe~ (76, 77). 

Ion sources suitable for heavy ion accelerators, ion im

plantation equipment operate at high temperat~res and I 

pressures producing an ionization environment in which 

extensive pyrolysis and/or chemical reaction occurs (78). 

Ionizers of this type have found analytical application 

as sources of high energy projectiles for secondary ion 

mass spectrometry, and particle induced X-ray analysis 

(79, 80), but have not been used as the primal?y source: 

of charged particles for mass anlaysis. 

Conventional duoplasmatron and duopiga~:ron guns: 

produce high yields of atomic ions and fragme~t ions, but 

will not produce substantial yield of polyato~lic ions. 

In these sources, ions are created in a small volume 

region with high draw out fields. This resul~:s in a 

high beam kinetic energy with a corresponding~y large 
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spread of ion kinetic energy (SO). RF discharge sources 

have similar problems (Sl). The energy spread as a per

centage of beam energy may be small, owing to the large 

acceleration voltages. Deceleration of the ion beam, how

ever, degrades its properties to an intolerable degree. 

Some of these sources are, however, able to produce very 

intense ion beams, often on the order of milliamps. 

Focusable ion currents can be much less, however, parti

cularly if the ultimate ion beam spot size desired is 

small and the beam kinetic energy is low. A small spot 

size at low kinetic energy is extremely difficult to 

achieve. An important limitation is the energy spread 

in the ion beam produced by the ion source. Typical 

energy spreads are - 20 eV for the duoplasmatron and - 10 

eV to - 50 eV for the hot and cold cathode Penning dis

charges, respectively (77). The Colutron ion source has 

been mentioned by Beynon as a possible candidate for 

analytical mass spectrometric application in those situ

ations where high current is desirable (S2). Unlike the 

duoplasmatron and Penning discharge ion sources, both of 

which employ magnetic plasma confinement or electron 

cyclotroning to achieve high plasma densities, the 

Colutron source is simply a high current, low voltage 

arc discharge operated at relatively high pressures. 
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Operating under these conditions, an extensive pyrolysis 

and source chemistry occure. The Co1utron source is able 

to produce 0.11 eV energy spreads after electrostatic 

focusing to a 1.0 rnrn diameter spot, 40 cm from the source 

aperture (83). With a final kinetic energy of 200 eV, 

1 x 10-6 A could be focused on a 1 rnrn diameter aperture. 

It shouid be noted that electrostatic focusing effects 

some reduction of energy spread downstream from the aper-

ture as a result of lens chromatic aberration effects (40). 

Electron impact ion sources for electrostatic 

space propulsion units and neutral beam injectors utilize 

electron cyc1otroning in a weak magnetic field (1-10 gauss) 

to enhance ionization rates and generate a diffuse plasma 

which is extracted by a large area multielement lens (S4). 

The Scandinavian ion source operates in a similar fashion, 

but employs higher magnetic fields and extracts a conical 

beam from a small aperture (77). The FEBIAD ion source 

developed by Kirchner (72) combined the Penning geometry 

with low pressure operation. With sample gas pressures 

of 10- S torr and electron energies of lS0-200 eV ioniza-

tion efficiesc{es of SO% for Xe and current densities on 

the order of 0.1 mi11iamp/cm2 at final beam energies of 

40 KeV. 



APPENDIX B 

CHARGED PARTICLE OPTICS AND THE RF 
PATH STABILITY MASS FILTER 

In principle the physics of charged particle beams 

is very simple. The trajectory of a particle with a given 

mass to charge ratio is determined entirely by the exter

nal focusing fields and the three components of the momen

tum at a specified point. The focusing fields in turn can 

be calculated once the configuration of the electrodes and 

pole pieces is specified together with the static charge 

and magnetic flux at various boundry surfaces. 

The research reported in this dissertation in-

volves only electrostatic focusing and for that reason 

no discussion of magnetic focusing will be attempted. 

The electrostatic focusing field produced by a particular 

configuration of electrodes to which specific voltages 

have been applied is a solution to Laplaces partial dif-

ferential equation. 

The solution function, V(x,y,z), gives the potential at 

any point (x,y,z) in the space under investigation as 

described in rectangular coordinates. The field, or 
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force per unit charge, is given by the gradient of the 

potential function, 

E(x,y,z) = -?V(x,y,z). 

The electrostatic field must satisfy the Poisson equation, 

E = 4np = ?2V 

where p is the charge density per unit volumn. In the ab-

sence of space charge the Poisson equation becomes the 

Laplace equation. An analytic solution to these equations 

provides an exact delineation of equipotential surfaces. 

Such an exact solution is possible only for the geometri-

cally simplest cases. One such case of considerable prac-

tical interest is that of plane parallel electrodes. 

Consider the planes to be of infinite extent and at po

tentials Vo and Vn ' The boundary conditions are Ey = Ez 
= 0 at both electrode surfaces (the electrode planes are 

normal to the x axis). The solution to Laplace's equation 

then has a very simple form, 

v = V + Ax, o 

and the field strength in the x direction will be 

Ex = -av/ax = -A =(Vn - Vo)/d 

where d is the separation of the plates. In the two di

mensions parallel to the planes the fields will be 

E E = -av/ay = o. y z 
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The equipotential surfaces will, then, be equally spaced 

planes parallel to the electrodes. Charged particles 

formed with zero initial velocity between the two elec

trodes will follow straight line paths to the electrode 

of opposite charge. That is, they will travel along the 

lines of force at right angles to the equipotential sur-

faces. The equation of motion is quite simple, 

which can be integrated directly to give the instantaneous 

position and velocity. For a particle starting from rest 

at x = 0 and t = 0 we have, 

v -(eE/m)t 

x -:z(eE/m)t 2 

If the charged parti~le is formed with a nonzero 

initial velocity such that it travels at some angle to 

the lines of force its path will be parabolic and finally 

asymtotic to a line of force if the final velocity in the 

x direction is large compared to the initial velocity. 

The instaneous position and velocity can still be calcu-

lated by integrating the equation of motion using the new 

initial condition on velocity. 

The simplest charged particle lens consists of 

two cylinders on a common axis and held at different 
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potentials. This case is considerably more complex but 

illustrates the nature of the equipotential surfaces in 

real aperture and cylinder lenses. It does not yield a 

simple solution like the parallel plate case just consid-

ered. Solutions have been achieved by the method of infi-

nite series. The series obtained are slowly convergent 

and must be evaluated numerically in any case. The solu

tion process begins by writing the Laplacian in cylindri

cal coordinates and noting that the angular dependence 

can be set equal to zero in cases of perfect cylindrical 

symmetry leaving a partial differential equation in r 

and z, 

2 
a v + ! ~(rav) = a 
~ r ar ar 

If the gap between the two cylinders is small the partial 

differential equation can be separated into two ordinary 

differential equations by considering solutions of the 

form 

V(r,z) 

where 

Solutions are of the form 
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= AJ (ikr) + BY (ikr) o 0 

where J o is the Bessel and Yo the Neumann function. The 

solution of Laplace's equation may then be written 

V(r,z) = fA(k)F(z,k)G(r,k)dk 

where integration is over the entire complex domain since 

k does not necessarily have discrete values. The coeffi

cients, "A(k) are then found with the application of bound-

ary conditions by the usual method of Fourier coefficients. 

Since the potential must remain finite as z increases all 

terms with complex k must be eliminated. The requirement 

for a finite potential along the axis implies the coeffi-

cients of the Neuman functions must be zero. Since 
Vl + V2 V-(Vl + V2)/2 is an odd function of z, ( 2 is the 

potential at the origin) the only trigonometric functions 

to be considered are sines. Finally, application of the 

boundary conditions for r = R, the radius of the cylinders 

(R = 1 is chosen for convenience) the final form of 

V(r,z) is obtained. 

1 ICOv 2 - Vl 
V(r,z) = TI okJo(ik) 

Vl + V2 (Jo(ik)sin(kz)dk + 2 ) 

Unfortunately, it is not possible to solve this integral 

analytically. 

The potential function and field function of real 

practical lenses must be determined by direct numerical 
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integration of Laplaces equation. Methods of solving 

Laplace's equation have been reviewed and compared by 

Mulvey and Wallington (84). The charge density method 

will be briefly outlined since it was used by Harting and 

Read (51) to prepare the data tables employed in design-

ing the VHY-EI ion source. In the charge density method, 

pioneered by Read et al. (85) the unknown quantities are 

the superficial charges appearing on the conductors. 

After determining the charge distribution (by iterative 

calculation using the necessary condition that the voltage 

applied to each conductor be constant) the potential at 

any point inside the lens is given by evaluation of an 

integral equation taken over all the charges. 

The method can be illustrated for an arbitrary 

lens having cylindrical symmetry. For simplicity, the 

opptical elements are assumed to be of negligible thick

ness. The lens is broken down into n elements Ek (k = 1) 

to n). Each element has a surface Sk at equipotential 

Vk and carries the charge density 0k(Ek) where the vectors 

Ek lie on Sk' The potential at any point r in the space 

of the lens is then given, from Coulomb's law, by 

Eqn. 1. 

1 
~ o 

n 
I 
k 

O:k(Ek)dSk 
IE - Ekl 



In particular for all those values of r which lie on 

surface Sj. 

Eqn. 2. 

U(r. ) 
-J 

v. 
J Zj:7f"E L 1 n f 

o k = I 

°k(E.k)dSk 
Sk I E.j - Ek I 
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This integral equation can be used, in principal to 

determine the charge densities o. This is the essential 

basis of the charge density method. 

To find an approximate solution each surface is 

divided into N parts (i = 1 to N). Each of these parts 

Sj is assumed to carry a uniform charge density 0i. 

Equation 2 then becomes 

Eqn. 3. 

n 
v. L A .. 

J i 1 J lOi 

where 

1 

J si 

ds. 
A .. 1 

J1 Zj:7f"E Ir. - r. I 
0 -J -1 

If one value of the r. is chosen for each of the principal 
-J 

surfaces Sj then the set of equations, Equation 3, becomes 

a simple matrix equation, 

v = Ao 

which can be solved if the matrix A can be evaluated. If 

the cylindrically symmetric lens cylinders and apertures 

are divided into narrow circular strips (sections of 
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flat plates) and the width of the strips is small compared 

to the separation of two strips, the matrix element A .. is 
~J 

given by 

A .. 
J~ 

where 

s.k 
~ 

2 K(k) 
4~ E ~ o ~ J 

4R.R. 

(R. + R~)~ + (Z. - Z.)2 
~ J ~ J 

and where K(k) is the complete elliptic integral of the 

(51) 

first kind. (R,Z) is the mean radius and axial position 

of the corresponding circular strip. When the distance 

between strips is comparable to strip width higher order 

terms must be added to the expression for Aji . When i 

and j are neighbors or when i is equal to j, A .. must be 
J~ 

evaluated more carefully by integration over the charge 

distribution (51). 

Having solved the matrix equation, the resulting 

charge densities are used to calculate the value of the 

potential, ~(r,z), at closely spaced points along the 

lens axis. All lens parameters are eventually determined 

using that axial potential distribution. 

The full potential distribution is not often 

necessary for the calculation of charged particle trajec-

tories in electrostatic lenses. The equation of motion 
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of a charged particle travelling near the axis of a 

cylindrically symmetric system can be reduced in the non

relativistic 'limit to the paraxial ray equation (40-45). 

o 

where (r,z) if the path of the particle. Only the axial 

potential and its first and second derivative appear in 

this equation. The equation is valid as long as the po

tential at a point (r,z) can be represented with suffi-

cient accuracy as a power series in the axial potential. 

This is generally the case if lens filling factors are 

less than 50/0 and the angle formed by a ray and the axis 

is less than 20° (51). The ray equation is a linear 

second order homogeneous differential equation with co-

efficients which depend on z. This equation has as mqny 

solutions as there are ray paths through the field region. 

It is usually of interest to determine values of the ra

dial position and radial velocity at two different points 

on the z axis, points corresponding to the input and out

put planes of the ion optical system. If we know two 

special solutions of the ray equation then any other ray 

can be expressed as a simple linear combination of these 

special solutions (44). For these two special solutions 

let us choose a ray solution a which crosses the input 

plane with unit lateral displacement and zero slope, and 
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another ray which crosses the input plant with zero 

lateral displacement and unit slope. Thus we have, for 

i = image (output) and 0 = object (input) 
, , 

r. = ro.r + r .r 
l ~l 0 al 0 

, 
r. r o.r + r .r 

l ~l 0 al 0 

where 

rao = 0; r ao = 1; r(3o = 1; r (30 0 

Direct integration of the 

f
Zl " rV 

(/IT: dr). = _~ __ 0_ 
l dz l 1fT 

Zo 0 

ray equation yields 

dz + (IV dr) 
o dz 0 

showing that the potential at the two planes must be 

introduced. 

Iv.r. 
l l 

= r + r~ho' rot (3i r o ... 

More generally we have 

and this can be expressed as a matrix equation. 

::: [IV::~ 1 
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The Lagrange invarient imposes the condition that the 

determinant of the matrix be equal to unity, i.e., (51) 

Each ion optical element of a focusing system can 

be characterized by an input and output plane. Now, since 

the special rays are related to the matrix elements by 

it follows that the matrix of the overall system can be 

computed as the product of the matrices of the individual 

ion optical components. 

These matrix elements can also be determined from 

or transformed into the focal length and cardinal points 

of an idealized lens by means of the following relations 

(56) taken with reference to Figure 52. 

a 
11 

-z f. 
1-

--r.-
1-

f o 

·z f 

IVf 
a2l 

.,1fT 
1-

a2l 

-1Vf all 
a2l 
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The methods of charged particle optics outlined 

above also find application in design and description of 

the rf path stability mass filter. Once again, a poten

tial function, ~ describing the fields inside the device 

is determined by solution of Laplace's equation of motion 

for ions entering the device with given initial condi-

tions. Digital simulation of particle trajectories leads 

to characterization of those initial conditions necessary 

for successful injection and mass analysis thereby provid-

ing guidelines for the design of appropriate lenses and 

other optical components. 

One of the often cited properties of the quadru-

polar field is its strong focusing characteristic. That 

is, the restoring force on an ion is proportional to its 

displacement. One form of the potential function satisfy-

ing this requirement is 

2 2 2 
~ (x - y ) /2r o 0 

where ~ is the potential applied between hyperbolic o 

electrodes whose separation is characterized by 2ro . The 
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type of structure satisfying this requirement is shown in 

Figure 53. The monopole has the same field as one quad

rant of the mass filter and is obtained from one hyper

bolic electrode and a right angle electrode in the ground 

plane. The hyperbolic field can be approximated with cir

cular rods and the relationship between ro and rod diam

eter is well known (55). 

For the mass filter the equations of motion are 

of the same form in both the x and y directions 

2 
:~2 + [an - 2qu cos 2(~ - ~o)] u = 0 

where u represents either x or y and d2z/d~2 0: 

~ wt/2 

-a y 

-q y 

2 2 4eU/mw r o 
2 2 2eV/mw r o 

and s takes account of the initial phase of the rf 
o 

field when the ion first experiences its influence. 

Transverse velocities are expressed as u = du/d~. 

Several important properties of the perfect quad

rupolar fields are apparent from the above equations. 

First,motion in the x, y and z directions in mutually in

dependent. Second, the ion trajectories can be scaled in 

a linear fashion. This results in major simplification 

of design and analysis. 
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The equation of motion is a form of the Mathieu 

equation the properties of which are well established 

(84). Solutions to the equation are given by: 

C d2ins + 2n 
n = _00 

C -2ins 
2ne 

where a' and a" are integration constants that depend on 

initial conditions uo ' uo ' and so· The constants C and ~ 
n 

depend only on a and q and not on initial conditions. 

Trajectories can be characterized as stable or unstable 

according to the value of~. When ~ is real and nonzero 

the trajectories are unstable. If ~ = is and S is not an 

integer the solutions will be stable and periodic. Values 

of ~ where ~ = im and m is an integer give the boundaries 

between stable and unstable solutions. These boundaries 

can be plotted on an a,q or stability diagram. The sta

bility diagram for a full quadrupolar field is obtained by 

combination of the x and y stability diagrams which differ 

by a factor of -1. Combined. stability diagrams show a 

number of regions of simultaneous x and y stability but 

the region of greatest practical interest is that shown 

near the origin (see Figure 54). The boundaries of the 

zones of stability are S = 0 and S = 1. The parameter 

relates the characteristic frequencies of ion motion to 

the applied rf frequency The fundamental frequency 
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Figure B3. The Quadrupole Stability Diagram. 



is given by 

Wo Sw/2 

and there are weaker components at higher harmonics. 
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The Matheiu equation is a linear second order dif-

ferential equation like the paraaxial ray equation and once 

again the position and velocity at some final point can be 

calculated with respect to the values at some initial 

point by matrix methods. Since the system is periodic, 

motion through a whole period is of special interest. The 

position and velocity after one rf period is given by 

[u] = M[U] = [mll m
12

J[u U U 0 m12 m22 U 0 

where M is a 2x2 matrix. The matrix for the effect of 

1 l.·fMn. n cyc es For the motion to be stable in the limit 

of large n the trace of the matrix M must be less than 2. 

The elements of M can be found by using numerical integra

tion of the Matheiu equation for two orthogonal trajector-

ies. 

Differentiating the general solution of the 

Matheiu equation with respect to u leads to an expression 

for the maximum displacement during a trajectory. This 

quantity is of great practical interest since displace

ments must be small enough to avoid collision with the 

poles in a real mass filter. One obtains 



C2 {[u F2(~ ) - u F2(~ )J2 
-co n 0 0 0 0 

where Wo ' the wronskian, is given by 

Wo = Fl(~0)F2(~0) - Fl(~0)F2(~0) 

and 

F = ~~\C 2in~. F -~~\C -2in~ 
1 e L 2ne '2 = e L 2ne F :: dF/d~ 
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The expression for U represents an ellipse in the u,u max 

plane. The ellipses will be different for each initial 

phase of the rf field. If the ellipses are so scaled that 

the maximum amplitude of oscillation is equal to the maxi

mum permissable amplitude, r for the mass filter, the o 

ellipse will enclose all possible combinations of u and 

U resulting in stable trajectories. The ellipses then 

describe the acceptance aperture of the device. The 

equation of the scaled ellipses can be written 

where the emittance is equal to the area divided by TI 

and 
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The parameters of the ellipses are related to the 

element~ of the matrix M ~:or one rf cycle. In fact, 

M = [cos (TIS). + A sin (TIS) B sin (TIS) 1 
' -r sin(TIS) cos(TIS) - A sin (TIS) 

The rel.~tionships given al~ove make it easy to calculate 

the A, ~, r and€: for any operating condition. 

Using the outline of instrument acceptance given 

above in addition to the ~;tability diagram, the question of 

how to 1.18e the mass filter electrode structure for mass 

analysi$ can be addressed.. Ions are inj ected into the 

mass fi:~ter in the z dire~tion witih some distribution of 

initial velociti.es and POiSitions in the transverse (x and 

y) dire~tions. IReferring to the ~tability diagram of 

Figure .!)3 it bec:omes appa'rent thatf for a particular com-

binatiop of rf and dc fields (U ar:ld V) the ions of differ

ing masiS will be strung out along:an operating line whose 

slope iiS given tty a/q = 2U/V. This line will intersect 

the sta'pility er~velope for a limited range of values of 

elm. T'tle lowerlmasses will be un$table in the x (+ U) 

direction and tl:te higher masses in the y (-U) direction 

(positive ions are assumed). By steadily increasing the 

value of a/q = 2U/V the stabilitYI region becomes narrower 

and mass resolution is iqcreased ~ut because one is 

operating closet to the ~tabilitYI limits the x and y 
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acceptances become smaller resulting in reduced 

transmittance. For a given D/V ratio the mass spectrum 

can be scanned at constant resolution by varying the 

value of both U and V similtaneously while keeping the 

ratio constant. 

The ideal case described above does not include 

the effects of fringing fields at the quadrupole entrance 

and exit apertures. The fringing field represents the 

most difficult quadrupole design calculation because the 

fringing field is not perfect and the simplicity of de

coupled ion motion in the two coordinate directions is 

lost. Complete numerical solution of the fringing field 

problem is possible in principle but detailed characteri

zation of the acceptance aperture involves an enormous ef

fort (85). Dawson (86). has developed an approximate 

treatment of the fringing field problem which allows 

calculation of acceptance ellipses which are corrected 

for fringing field effects. Results indicate that long 

ion residence times in the fringing field region can 

seriously reduce instrument transmission. The fringing 

field problem is one source of the quadrupole mass des

crimination effect. For a fixed acceleration voltage ions 

of higher mass will have a lower velocity and a longer 

transit time through the fringing field region. While 

various delayed dc ramp methods have been proposed (75) 
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to correct for fringing field induced transmission losses, 

experimental results have been mixed (87). Keeping ion 

velocity as high as possible during passage through the 

fringing fields has, however, proved effective and is the 

basis for such methods as "ion energy programming" (27) 

during the mass scan. The Extranuclear quadrupole used in 

the VHY-EI ionizer studies reported in this dissertation 

came equipped with an aperture plate whi,ch could be e1ec

trica11y biased so that a high ion energy could be main

tained during passage through the fringing fields. 

The main advantages of the quadrupole lie in its 

large acceptance for ions of low axial energy in an .in

strument of a given size. The rapid falloff in 

transmittance with increase in resolution makes the device 

most useful at low to medium re101utions. High selectiv

ity is still possible through use of collisional activa

tion methods and in combination withhigh~lectivity 

chromatographic methods (88, 89). In principle, the 

quadrupole is able to handle much higher ion current at 

a given resolution than comparable sector or fourier 

transform machines both of which suffer from important 

space charge limitations (56, 90). The development of 

practical high yield ionizers for use with rf path sta

bility mass filters will help realize the full analytical 

potential of these important devices. 
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Despite the complexity of the fringing field 

problem approximate relationships originally derived by 

Paul and co-workers (91-93) can prove useful in design 

work. For ion injection parallel to the quadrupole axis 

the maximum aperture radius is given by 

[ ]

1 

2 lim '2 
a '" - (r ) -30m . 

The maximum transverse energy ET that an ion injected at 

r = 20 can have and still be transmitted is given by 

1 2 2 lim 
Et '" 2' mf ro m 

h E " 2/ 2 w en T lS In gm em sec These formulae were used to 

estimate aperture diameter and convergence half angle 

values used in ionizer design calculations presented in 

Appendix C of this dissertation. For unit resolution at 

100 Amu a convergence half angle of 4° or less is indi

cated. 



APPENDIX C 

DESIGN CALCULATIONS FOR THE 

VHY-EI IONIZER OPTICS 

.The problem, simply stated, is to take as many 

ions as possible from the 2.54 em diameter aperture in the 

ionizer anticathode and deliver them, with accpetab1e 

axial and transverse velocities, to the aperture of an rf 

path stability mass filter. That is, the kinetic energy 

and convergence angle of the ion beam must lie within some 

range of acceptable values at the aperture of the mass 

filter for proper transmission and mass analysis. As 

shown in the Appendix B of this dissertation, "Charged 

Particle Optics and the RF Path Stability Mass Filter," 

the convergence half angle must be 4° or less for the 

Extranuclear 4-162-8 quadrupole and the Monopole 300 used 

in the experimental studies reported in this dissertation. 

The axial ion energy should be between 10 and 50 eV. The 

physical dimensions of the acceptance aperture will depend 

on the initial phase of the rf field. A minimum aperture 

dimension corresponding to proper transmission and mass 

analysis for any initial phase of the rf field may, how

ever, be calculated and is on the order of 0.03 em at 
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resolution 100 for both the Extranuclear quadrupole and 

the General Electric Monopole 300. 

To summarize, the ion beam from the ion formation 

region must display the following characteristics for suc

cessful injection into the rf path stability mass filters 

of interest: 1) convergence half angle of 4° or less, 

2) axial kinetic energy of between 10 and 50 eV, 3) beam 

diameter of 0.03 cm or less (preferably much less). 

Focusing a charged particle beam from a 2.54 cm 

diameter aperture into a 0.03 cm diameter aperture means 

that the optical train must display a linear magnification 

coefficient of 0.01 or less. In addition, convergence 

half angles must be kept small at all points in the opti

cal train in order to obtain a 4° or smaller convergence 

half angle at the analyzer aperture. This last require

ment follows directly from the Louvi11e theorem, an impor

tant conservation law in classical mechanics. The 

constraint on convergence half angle can be circumvented 

with ion space charge but only at the expense of f1exabil

ity in ionizer operating conditions. The ion space charge 

collimating lens will operate properly for a very limited 

range of beam currents. For that reason ion space charge 

is not intentionally used to manipulate the ion beam in 

VHY-EI ionizer optics. Convergence half angle is limited 



by increasing ionizer-analyzer separation as shown in 

Figure 1 in the introductory chapter of this dissertation. 

Experience obtained with the fourth and fifth gen

eration VHY-EI ion sources indicated that high final beam 

kinetic energy was necessary for maximum spot focused ion 

current with reasonable convergence half angles. It was 

also observed that considerable variation in focusing lens 

potentials were possible if compensating adjustments were 

made in ion formation volume voltages, that is extractor, 

anticathode and anode voltages. Magnetic field adjustment 

was also found effective. No combination of voltages 

would produce a high spot focused current density at beam 

kinetic energies compatable with direct injection into an 

rf path stability mass filter. 

Two three element electrostatic lenses are used to 

focus the output of the ion formation volume into the ac

ceptance of the rf path stability mass filter. The First 

Focusing Triplet accepts collimated ion current from the 

extractor and brings it to a point focus with a final ki

netic energy of 1 to 2 keV. The magnification coefficient 

is less than .1 and from simple geometric considerations 

the convergence half angle is less than So. A Decelerator

Refocusing Triplet reduces beam kinetic energy by a factor 

of 5 and refocuses the beam with a convergence half angle 
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of less than SO (it should be noted that the convergence 

half angle estimates given above are calculated from lens 

mid-focus lengths and apertures assuming a 25% lens filling 

factor). A two element injection trim lens assembly trans

fer the ions from the exit aperture of the Dece1erator

Refocus Triplet and reduces kinetic energy further. The 

ions decelerate to origin kinetic energy while enetering 

the quadrupo1ar field. 

In the following design calculations voltages al

ways refer to the kinetic energy of the ions. That is, 0 

volts is the potential at which the ions are at rest in 

the lab frame. This is equivalent to referring all vo1t-

age measurements to local earth ground. When a voltage, 

V, is applied to an aperture plate it means that the ions 

would have a kinetic energy eV when striking that plate. 

Design Calculations for the 
First Focusing Triplet 

It will be assumed that ions enter the First Focus-

ing Triplet as a collimated or near collimated beam with a 

kinetic energy, V1 , The beam is to be brought to a point 

focus at a kinetic energy V3 with a convergence half angle 

of 5° or less based on lens aperture filling factor and 

focal distance (real convergence half angles will be much 

smaller for most beam ions). A three aperture e1ectro-

static lens with aperture separation to aperture diameter 
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ratio of 0.5 was selected to make the most compact possible 

structure within the above constraints. Data given by 

Harting and Read (51) indicated that an acceleration fac

tor, V3/Vl , of between Sand 12 would produce the desired 

focusing effect with V2/Vl values of nearly 1. It should 

be noted that the Harting and Read calculations assume a 

field free region on both sides of the three aperture lens 

system. Detailed calculations follow. 

Lens Dimensions and Voltage Ratios 

A/D 0.5 .025 D/F2 Tan e 

0.09 for e = 5° 

Lens aperture set at D 2.54 cm. 

F2 = . 5D/0.1S - 7.1 cm 2.SD . 

For F2 = 2.8D we have V2/Vl 1.5 

In order to obtain a better acceleration factor 

within the geometrical constraints set above the diameter 

of the final aperture was increased to 3.175 cm from 

2.54 cm to obtain reduced curvature of the equipotential 

surfaces and therefore a longer focal length in the final 

stage of the First Focusing Triplet despite an increased 

acceleration factor. Increasing acceleration factor re

duces focal distances and increases convergence half 

angles when lens geometry is held constant (51). The 
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resulting hybrid lens offers a convergence half angle 

characteristic of V3/Vl = 6 with the acceleration factor 

V3/Vl = 8. 

A/D = 0.5 F2 = l.97D 

Focal distances should be approximately proportional to 

aperture ratios (51). 

3.17/2.54 l. 24 (l. 24) (l. 97) 2.45 

therefore, 

Fi = 2.54D. 

This is the approximate distance from the lens midplane 

to the limiting aperture. The limiting aperture was 

placed 3.0D CIn from the lens midplane because experience 

with the fourth and fifth generation VHY-EI indicated a 

weak dependence of focal distance on throughput and it 

was desired to make the convergence half angle as small 

as possible. The exact position of the limiting aperture 

relative to Fi is not critical with respect to throughput 

at that aperture. Use of a small diameter limiting aper-

ture limits convergence half angle by removing ions with 

large transverse velocities. 

Minimum Spot Diameter 

r = (d3/8L2)gl 
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L gl = point focusing figure of merit 

d diameter of collimated input ion beam 

Minimum spot sizes will be calculated for two values of 

d: 1) d = 2.54 cm, the full geometric aperture of the 

lens and 2) d = 1.80 cm, the value corresponding to a 50% 

lens filling factor. The value of gl used is that for the 

original V3/Vl = 6 lens. A smaller value of gl is given 

for the V3/V l = 8 but since the actual lens is hybrid, as 

described above the larger value is used to provide a con

servative estimate of minimum spot size. 

1) d 

r = 

2) d 

r = 

2.54 cm 

«2.543)/8(7.622))5.43 

1.80 cm 

0.19 cm 

«1.803)/8(7.622))5.43 = 0.01 cm 

In practice, the second estimate of minimum spot size is 

most reasonable since the calculations used to generate 

the figures of merit given in reference 51 involved assump

tion of a 50% lens filling factor. A 25% lens filling 

factor results in a 0.004 cm ~r and further use of the gl 

value for the V3/Vl = 8 lens reduces r to less than 

.001 cm, a less conservative but perhaps more reasonable 

estimate. 
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In this case a point source at kinetic energy VI 

must be reimaged a kinetic energy V3 with negligable in

crease in spot size from spherical aberration or magnifi

cation. At the same time the convergence half angle must 

remain within the constraints' set by the mass analyzer. 

All the Harting and Read (51) calculations are for 

accelerating lenses. Approximate values-may be calculated, 

however, for decelerating lenses and this procedure was 

used to design the Decelerator-Refocusing Triplet. Two 

cases will be considered: 1) A thirty fold deceleration 

factor, the case of interest for the Ion Soft Lander and 

2) A five fold deceleration factor, the case of interest 

for aperture matching to rf path stability mass filters. 

In the second case it is assumed that a two element injec-

tion trim lens follows the Decelerator-Refocus Triplet 

and that the final deceleration to origin kinetic energy 

occurs during passage through the fringing fields of the 

quadrupolar field, a feature that should increase through-

put and reduce mass discrimination effects by minimizing 

ion residence time in fringing fields. 

AID = .5 g2 = .4 to .6 for all 
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Primed quantities are for the corresponding decelerator. 

V'/V' 3 1 VI/V3 X 82 = x- 3 . 2g2 (approximately) 

g2 163.3g2 164.3(.5) = 82 

r' 1(a3)g2 

where 1 is the obj ect to image distance and a is the maxi-

mum object ray departure half angle in radians. 

a 5° 0.09 radians r' = 1(0.54) 
0 

F2 1. 20 F = 1 0.79 V3 /F l = 30 

for the corresponding accelerating lens. Primed quantities 

are for the decelerating lens required. 

V' 1 

V' 2 

V' 3 

Fi(x,y) 

P' 

V3 

V2 

VI 

F2 (x/y,1/y) 

Q , R' = B 

x = V'/V' 2 1 

Y V'/F' 3 1 

Fl(x/y,l/y) 

P and Q are object and image distances. 

for 

Q/D 

P' 

1. 3D, M = 0.4 

1. 3D 

V'/V' 0 7 21' 

P/D 

Q' 

3D, M - .04 

3D 
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A lens aperture of 0.635 cm was selected with a 

0.318 cm spacing. For ion soft lander experiments object 

and image apertures were placed at the locations ca1cu-

1ated above. Other locations are possible depending on 

the choice of Vz and M. These locations may be calculated 

in the manner shown above using the Harting and Read lens 

parameters (51). 

The object and image distances calculated above 

for VI/V' 3 1 1/30 indicate a convergence half angle in-

crease on deceleration of more than a factor of two. This 

situation is unacceptable for an efficient aperture match 

to an rf path stability mass filter. The He1mho1tz-

Lagrange relationship shows that convergence half angle 

is related to deceleration factor and object ray departure 

half angle as follows: 

(51) 

Reducing the deceleration factor reduced the convergence 

half angle. So, a second decelerator was designed for 

ionizer-analyzer aperture matching. A deceleration factor 

of five was selected for the Decelerator-Refocusing Trip

let with final deceleration and focusing occuring in the 

injection trim lens and on entry into the quadrupo1ar 

field. For the corresponding accelerating lens we have 



A/D = O.S 

with g2 between 4 and 8 for reasonable values of V2/Vl . 

For M = 0.4 and a l = 2.So we have 

-3.2 
(Vl /F3) g2 = llg2 D.rl 

L(8 x 10-S)g2(0.4) 

Object and image distances are determined as before. 

lS6 

Q/D 4 

4 

P/D 

QI/D 

7.S 

7.S 

M 0.4 

PI/D 

The limiting aperture of the First Focusing Trip

let is the object and is placed 4.S lens aperture dia

meters from the middle aperture plate of the Decelerator-

Refocus Triplet. With the magnification and VI to VI 2 1 
ratio selected the image is located inside the quadrupole 

4.S cm from the middle aperture plate of the decelerator 

triplet. The image position can be shifted to the quadru

pole aperture or in front of it by changing the value of 

V2/Vi and the magnification (M < 1). In practice the 

Injection Trim Lens and Decelerator lens voltages are 

experimentally optimized. Optimum Decelerator voltages 

obtained by experiment are in reasonable agreement with 

those calculated using the procedure outlined above. 



APPENDIX D 

THE AD 515 ELECTROMETER AMPLIFIER 

The schematic diagram of the electrometer amplifier 

used for absolute ion current measurements is shown in 

Figure 55. The device is built around a single IC electro

meter operational amplifier from Analog Devices Inc. (Nor

wood, Massachusetts). Power is provided by two nine volt 

transistor batteries. The filter network in series with 

the electrometer input is designed to filter out any grad

rupo1e rf picked up by the faraday cup, and is a low pass 

Butterworth design with a 1 MHz 3db point. The switch 

selectable capacitors in parallel with the gain resistors 

form a frequency compensated voltage divider in combination 

with the filter network. As gain resistors are changed so 

are capacitor values to minimize pulse distortion. A sim

ple pass capacitor proved unsatisfactory for rf noise fil

tering since amplifier noise increases with input capacita

tive loading. The filter network provided filtering equiva

lent to that produced by .1 ~f capacitor with much reduced 

baseline noise. 
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