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ABSTRACT 

The use of a coaxial krypton discharge lamp to 

selectively photoionize samples in a complex matrix is 

described. The lamp produces a krypton line emission 

spectrum with available photon energies of' 10.0 and 10.6 

eVe When used as a photoionization mass spectrometer 

source, conditions can be created where molecular ions can 

be produced which do not undergo fragmentation. This 

effect can greatly simplify spectral interpretation in the 

case of either direct sample introduction or coelution form 

a chromatographic column. Mixtures containing 6 to 8 

components can be analyzed by direct injection with 

detection limits for most of the components below the 100 x 

10-9 g level. Data is also presented demonstrating the 

lamps ability to switch between photoionization conditions 

producing primarily molecular ions and conditions producing 

spectra similar to those produced by electron impact 

sources. This ability would allow two complimentary sets 

of mass spectrometric information to be gathered during a 

single run. 

Using the lamp as a photoionization GC detector, a LOD 

of 12 x 10-12 g for benzene has also been determined. 
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CHAPTER 1 

INTRODUCTION 

A primary goal of analytical chemistry is the ability 

to identify and quantitate one or more compounds of 

interest that are contained in a complex sample matrix. 

This sample matrix may contain many other compounds that 

give response signals similar to those of actual interest. 

Drug compounds, both legal and illicit, that are contained 

in biological matrices are a good example. Employers, both 

governmental and private, are showing less and less 

tolerance toward the use of illegal drugs by employees, and 

in many cases the successful passing of a drug screening is 

a mandatory prerequisite for employment. On the other 

hand, many legal pharmaceuticals have a narrow safe dosage 

range, outside of which a beneficial drug may become 

lethal. The heart medication digoxin illustrates this 

example. The drug has little effect at blood 

concentrations less than 0.8 ng/ml, and is toxic at blood 

concentrations of greater than 2.0 ng/ml (Heinerman and 

Halsall1985). Another good example of a highly complex 

sample matrix is an air particulate sample taken from any 

large commercial metropolitan area. The contributions 
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from auto exhaust, smoke stacks, open burniing, grill and 

oven hoods, manufacturing plants, and other sources can 

make for samples that contain hundreds of different 

compounds. An air sample collected in the Washington D.C. 

area and analyzed using capillary column G~/MS showed 

traces of over 12 different polynuclear aromatic 

hydrocarbons' (May et ale 1984). An analogous case can be 

made for ground water samples. 

with this in mind, any useful analytical procedure must 

create a situation where the signals arising from the 

compounds of interest can be made as distinct as possible 

from those of the sample matrix. In the past this has been 

attempted via one of two major ways. Figure 1.1 shows a 

simplified illustration of each. The first method requires 

the isolation or separation of all of the components of 

interest contained in the sample prior to analysis. The 

combination of gas or liquid chromatography with the high 

sensitivity of mass spectrometry is an good example of this 

approach. Several application reviews are in the 

literature (Brettell and Saferstein 1989, Fox 1989, 

Brettell and Saferstein 1987, Fox 1987). 

The second major approach does not attempt so much to 

separate individual types of components as to create a 

situation where the sample compounds are all subjected to 
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some sort of selective interaction prior to quantitation. 

This type of analytical procedure is exemplified by the 

several different types of immunoassay technology that have 

been developed (Mule and Bastos 1974, Heinerman and Halsall 

1985, Glajch 1986, Borman 1987). 

In either of the two analysis schemes 'mentioned above 

there are some inherent problems, which Figure 1.2 shows 

pictorially. In the case of separation prior to analysis, 

there is a great burden placed on the separatory step to 

completely isolate the compounds of interest from the 

sample matrix. If this is not the case, and the method 

chosen for quantitation has little or no additional 

selectivity, then large errors in quantitation can be 

encountered. This is particularly true in the case of 

GC/MS or LC/MS when the mass spectrometer uses 70 eV 

electron impact ionization. This ionization source is very 

non-selective in nature. The source also produces 

conditions ~rhere the molecular ions produced undergo 

extensive fragmentation. This fragmentation is often so 

extensive that little or none of the parent molecular ions 

are detected. While fragmentation in itself is not 

necessarily unwanted, and is of great value for generating 

a unique fragmentation fingerprint for a pure compound, if 

two or more compounds co-elute into the source severe 
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QUANTITATION 

Figure 1.2 Non-Ideal Analytical Procedures 



spectral overlap problems can occur and result in poor 

quantitation. 
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Softer ionization methods are available that subject 

the molecules to less harsh ionization conditions. Some of 

these methods can even be interfaced to dynamic sample 

introduction. An example of such a method'is fast atom 

bombardment coupled with a continuous flow injection system 

(Caprioli 1990). Other available soft ionization 

techniques include laser and field desorption, field 

ionization, and chemical ionization. While many of these 

techniques have been shown to reduce the amount of observed 

fragmentation for a sample, there are still various 

instrumentation and spectral interperatation problems 

associated with each method. These problems include 

difficulties in sample introduction, the handling of 

various reagent gasses, background sample matrix ions, and 

quasi-molecular ions. 

Immunoassay methods can also encounter selectivity 

problems, although not in the same manner. In order to 

generate an adequate immune system response from the host 

animal a sample molecule, usually referred to as a hapten, 

must posses a molecular weight greater than 1500 amu 

(Heinerman and Halsall 1985). In the case where the 

molecules are smaller than 1500 amu it is necessary to 
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attach a small protein molecule, called a carrier, to the 

sample compound. The resulting hapten carrier conjugate 

can now be used to generate an immune system response. 

Problems arise in finding a carrier protein that will bind 

to the sample compound in a highly selective manner without 

altering any chemically active site on the' sample molecule. 

Studies have shown that if only a single functionality is 

altered on certain drug molecules, a significant loss in 

selectivity by the generated immunoglobulin can result 

(Gross and Soares 1974). PUrity of the harvested 

immunoglobulin is also very important to overall 

selectivity. 

Lastly, in the case of radio immunoassay, is the 

problem of working with and then discarding low level 

radioactive chemicals and equipment, which is a problem 

that is becoming increasingly difficult. 

Overall Goals 

The overall goal of this research project has been the 

development of an improved ionization source for use with 

either mass spectrometry or gas chromatography that is 

capable of creating its own selective ionization conditions 
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prior to quantitation. The selectivity of the source will 

be based upon differences in the first ionization potential 

(IP) of the sample molecules. The first ionization 

potential of most organic molecules covers the range of 7-

14 eVe If the conditions in the ionization source are 

adjusted so that the energy available for 'ionization is no 

greater than a certain threshold, then in general molecules 

with first IP's greater than this threshold will not have 

sufficient energy to ionize, and will not produce a 

measureable detector signal. In addition to the added 

selectivity, if the molecules are ionized within a few eV 

of their first IP, the molecular ions that are produced 

will have little excess energy to lead to extensive 

fragmentation. The lack of extensive fragmentation will 

greatly simplify mass spectral analysis, even in the case 

of coelution of sample molecules. 

While the ideas of selective photoionization GC or MS 

are not new, and indeed have been shown in the past to be 

quite useful (Driscoll 1976, 1977, Lubman 1982, Huth and 

Denton 1985), there are still areas where improvements may 

yet be made. The next sections will describe the history 

and achievements of selective photoionization analysis and 

point out areas where further improvements can be made. 
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The History of Selective Photoionization 

The first published reports of selective 

photoionization coupled with mass analysis occurred about 

60 years ago. (Ditchburn and Arnot 1929, Terenin and Popov 

1932) • Presently the area of selective ph'otoionization 

mass spectrometry is developing along two major branches. 

Gas Discharge Lamp Sources 

The years from the mid-fifties until the end of the 

sixties were very productive in the areas of development 

and application of gas discharge lamps as potential VUV 

sources. Of particular importance were the contributions 

of Wilkinson (1955), Wilkinson and Tanaka (1955), Tanaka 

and Zelikoff (1954), and Tanaka (1955) whose work on the 

effects of fill gas pressure lead to the development of 

continuum discharges in xenon, krypton, argon, and neon. 

By the end of the fifties there existed VUV gas discharges 

whose combined outputs produced photons over the VUV range 

of 58 to 180 nm (Huffman 1965). The overall output 

intensities for most VUV lamps is on the order of 1012 to 

1016 photons/s, which is on the order of tenths to 

hundredths of a watt/cm2
• 
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other papers were also plwlished during this time on 

the application of gas discharges for selective 

photoionization with mass spectrometric detection (Lossing 

and Tanaka 1956, Hurzeler, Inghram, and Morrison 1958). In 

these papers the authors present data on single photon 

photoionization mass spectrometric studies' of several small 

organic molecules such as 1,3-butadiene, acetone, ethyl and' 

propyl amine, ect. The authors commented on how the use of 

photoionization has certain advantages over electron impact 

ionization particularly in the calculation of ionization 

potentials. These statements were based on the better 

energy resolution of monochromators over electron beams, 

and that photoionization is a step function at the 

ionization threshold as opposed to electron impact which 

starts at zero at the threshold and linearly increases with 

energy (Wigner 1948). 

In the sixties various applications of gas discharge 

sources were investigated and improved upon by a number of 

authors. (Warneck 1962, Huffman et ale 1965, Botter et ale 

1966, Lane and Kupp€rmann 1967, Chupka and Berkowitz 1967, 

Chupka 1968). During this period Poschenrider and Warneck 

(1966) published the first paper on the use of selective 

photoionization of compounds in a mixture. The selective 

ionization of co in the presence of Nz was reported using 
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rare qas and hydrogen discharge lamps. This work was later 

extended to simple gas mixtures (Poschenrider and Warneck 

1968). 

The use of VUV qas discharges has steadily advanced 

through work by Washida (1978) who attached microwave 

powered krypton and argon lamps to a mass spectrometer to 

analyze a wide variety of simple organic molecules and He

Neng (1983) who examined air contaminants using an argon 

discharge lamp. Additionally, gas discharge sources have 

been useful in determining ion vibrational structures, 

Rydberg states, molecular excited geometries, ion-molecule 

reactions, and for the determination of bond energies. 

(Reid 1971, Berkowitz 1979) 

Gas discharge lamps have become available commercially 

from firms such as Quantatec, HNu, and or Analytical for 

use either as calibration sources for monochromators or 

photoionization gas chromatographic detectors. A number of 

papers have reported various useful applications of P1/GC 

detectors for selective analysis of sulfur compounds in 

cigarette smoke, and various air and water pollutants 

(Driscoll et ale 1978, Earp and Cox 1984). The reported 

limit of detection (LOD) for these detectors is also very 

good. HNu reports a LOD for benzene of 2 picograms, while 

01 Analytical lists a LOD for benzene at 4 picograms. 
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These detection limits are 2 orders of magnitude better for 

benzene than is generally reported for flame ionization 

detection. 

The major limitations of these types of VUV photon 

sources has been the relatively low output intensities 

compared to some of the laser sources to be discussed next, 

and the lack of a suitably transmissive window material for 

photons of wavelengths shorter than the LiF cutoff (-104 

nm) which creates the need for windowless differentially 

pumped chambers. The major advantages of these sources is 

their relatively inexpensive price, particularly when 

compared to dye laser systems, and they are a mechanically 

simple means of directly producing VUV photons. 

Laser Sources 

The wide proliferation of laser technology in the 

seventies opened up new possibilities for selective 

photoionization techniques by overcoming the problem of low 

photon flux. Lasers can be roughly grouped into two major 

categories based on the photon energies available from the 

laser. The first group is lasers capable of producing 

photons which are sufficiently energetic for single photon 

ionization, and the second group is made up of lasers that 
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must use two or more photons to ionize the sample molecules 

using resonant or nonresonant pathways. Figure 1.3 

illustrates the various single and multi-photon pathways 

used in photoionization mass spectrometry. 

Several laser systems are capable of producing photons 

in the VUV region. Lasers such as the hydrogen laser (160 

nm) and fluorine excimer laser (157 nm) are capable of 

producing fundamental VUV lines. other laser ~ystems use 

anti-stokes Raman or frequency tripling gas cells to shift 

the output of visible and near UV dye lasers into the VUV. 

There have been papers published on VUV emission from below 

200 nm (Hodgson et ale 1974), down to about 93 nm (Hellner 

and Lukasik 1984). 

However by far the most widely applied VUV laser system 

has been the hydrogen laser. Since lazing action in 

hydrogen was first reported in 1970 (Hodgson, Waynant et 

al.) a number pf different designs have reported (Knyazev 

et ale 1975, Goldsmith and Knyazev 1977, Waconge et ale 

1978, Babis 1983). The hydrogen laser produces photons 

around 7.8 eV and is sufficient to selectively photoionize 

drug compounds such as tricyclic anti-depressants (Huth and 

Denton 1985). In this paper the drug compounds were spiked 

into such matrices as beer, urine, and soy sauce, extracted 

with a single basic chloroform extraction and 
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analyzed in a time of flight (TOF) mass spectrometer. The 

ions produced by the hydrogen laser source were primarily 

parent molecular ions of the drug molecules and mass 

reference compounds, with only a few additional ions 

appearing in the background. Antonov published results in 

1978 showing hydrogen laser ion currents exceeding those of 

the discharge lamp by a factor of lOs. 

If a laser is not capable of producing a sufficiently 

energetic photon for single photon ionization, this is not 

a significant hindrance if the laser has enough output 

power. By increasing the output power of the laser into 

the region of 106 watts/cm2 or greater, the photon flux 

becomes great enough so that a molecule excited by 

absorption of a single photon encounters additional photons 

before it can relax and can be further excited to higher 

levels where the ionization threshold is eventually 

crossed. (See Figure 1.3b) This process is greatly 

enhanced by the presence of real vibrational or rotational 

states that can serve to lengthen the excitation lifetime 

(Zandee and Bernstein 1979, Boesl et ale 1980, Lubman and 

Kronick 1982, Grotemeyer et ale 1986). The process is 

termed resonance enhanced multiphoton ionization (REMPI). 

These reports show data that indicates not only can the 

method be highly selective due to the ionization efficiency 



enhancement observed when the energy of the photons is 

matched to one of these resonance states, but also the 

degree of observed fragmentation can be finely controlled 

using the output power of the laser. 
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A related laser ionization technique is called 

resonance ionization mass spectrometry (RIMS) (Hurst et al. 

1977). In this technique a laser, usually operated in the 

visible region, is used to pump a molecule into a 

rotational or vibrationally excited state, where a second 

laser, operating in the ultraviolet, is then tuned to add 

enough additional energy to cross the ionization threshold. 

Using this technique, single atom detection has been 

reported (Kramer et ale 1978). A similar method has also 

been used to investigate the ionization and fragmentation 

processes associated with photoionization (Boesl et ale 

1982). Non-resonant laser photoionization is also 

possible, but often requires such high powers that there is 

a significant degree of fragmentation, and the overall 

sensitivities are much lower (Antonov and Letokov 1981). A 

general reference on laser photoionization has been done by 

cotter (1984). 

Laser resonance ionization methods have been applied to 

GC/LC systems (Rhodes 1983) to analyze mixtures of 

polynuclear aromatic hydrocarbons, applied to the pyrolysis 
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GC analysis (Haverkamp and Kistemeyer 1982) and a wide 

variety of inorganic investigations (Berkowitz et ale 1979, 

Miller and Nogar 1982). 

There several problems associated with laser 

photoionization sources. The hydrogen and fluorine lasers 

have the problem of a limited range of available VUV photon 

energies. Either of these lasers are restricted to 

compounds with ionization potentials below 8 eVe Another 

problem involves frequency multiplying UV and visible laser 

outputs. While this technique has clearly shown the 

ability to shift frequencies into the VUV region, the 

conversion efficiencies are very low and result in equally 

low photon outputs. Typical conversion efficiencies have 

been calculated to be around 3 x 10-5 (Hodgson et ale 1974) 

or less, with the total number of photons generated at 

around 4 x 109 photons per laser pulse. Also, while the 

technique allows for some wavelength tuning, the range is 

limited to only a few nm around each principle wavelength. 

Additional problems involved the complexity of the laser 

systems and the subsequent high cost. Many laser 

photoionization sources require two separate lasers 

systems. Such involved systems require extensive 

maintenance and expertise in order to function properly. 
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Areas of Improvement 

While VUV discharge lamps have shown the ability to 

produce primarily molecular ions, this ability comes at the 

price of little structural information from the ions. One 

way to increase the fragmentation would be'to increase the 

photon energies by either multiple photon absorption or 

higher energy discharge emissions. As was mentioned 

earlier, the VUV discharge lamps do not have sufficient 

photon flux for multiple photon events, and while helium 

and argon discharge lamps are capable of higher energy 

photons (>12 eV), this also limits the selectivity 

available with these lamps. A solution to the problem of 

limited fragmentation has been developed which employs a 

two electrode configuration placed around the 

photoionization region of the lamp that offers the ability 

to switch between conditions which produce primarily the 

parent molecular ion, and conditions which provide 

fragmentation for structural verification. 

The unique coaxial construction of the photoionization 

region of the lamp in this project also offers a means of 

producing a significantly greater photon flux at a lower 

power input than has previously been seen from lamps 

operated in the conventional side window configuration. 
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CHAPTER 2 

THE PHOTOIONIZATION PROCESS 

Ganeral 

. -
Photoionization can be divided into two broad 

categories, single and multiple photon processes. The 

major differences between the two methods is the manner in 

which sufficient photon energy is achieved to remove an 

electron from the molecule to produce a molecular ion. 

Most organic molecules have ionization potentials in the 

range of 7-14 eV (180 to 90 nm). As was mentioned in 

Chapter 1, this range in energy is covered by the emission 

of gas discharge lamps. Many lasers on the other hand 

cannot produce single photons with energy in this range and 

must rely instead on photon fluxes great enough that 

multiple absorption events take place within the molecule. 

In either case the ability of a photon, or photons, to 

ionize a molecule depends on sum total energy of the 

photon(s) and the nature of the quantum mechanical states 

within the molecule. Because the krypton VUV source 

produces pnotons energetically capable of single photon 

ionization, but not sUfficient photon fluxes for 
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ionization, but not sufficient photon fluxes for 

multiphoton events, only single'photon ionization processes 

will be discussed. Several papers are available that 

discuss mu1tiphoton ionization processes and experimental 

requirements. References for these papers have been 

included in the bibliography (Zandee and Bernstein 1979, 

Boes1 et a1. 1980, Boes1 et a1. 1981, Antonov and Letokov 

1981, and cotter 1984). 

Absorption of a photon by the molecule is a Franck

Condon mediated process, regardless of whether the photon 

has energy greater or less than the ionization potential 

threshold. If the electron is promoted to an energy level 

lying above the ionization threshold for the lowest lying 

electron, then photoionization may occur. The actual 

photoionization pathway may be one of three different 

mechanisms, namely direct ionization, autoionization, and 

ion pair formation. Each mechanism will be discussed 

below. 

Direct Photoionization 

Direct photoionization is characterized by the lack of 

any detectable intermediate state for the molecule and 



takes place very rapidly «10-13 seconds). The overall 

reaction is illustrated below and in Figure 2.1: 

M + hll .. M+ + e 
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After the emission of the electron, the final state of 

the ion is a vibronic level of the molecular ion. All 

energies above the ionization potential threshold can be 

thought of as in resonance with a given state within the 

molecule because the escaping electron can remove any 

amount of excess energy from the system in the form of 

kinetic energy. This would predict that the ion yield will 

increase away from the ionization threshold in a series of 

stair steps as the increasing photon energies make more and 

more vibronic levels within the molecular ion accessible. 

However, the Franck-Condon principle predicts that only the 

0-0 vibrational transition has significant probability if 

there is no large change in the geometry between the 

neutral molecule and th~ molecular ion. The result in this 

case is a single large step at the ionization threshold. 

The smaller steps can be observed when there is a large 

change in geometry which alters the overlap of the energy 

levels. In either case other factors such as 

autoionization will partially or completely obscure the 
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theoretical step function by adding additional texture to 

the photoionization yield spectra (Chupka 1972). 

Autoionization 
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Autoionization refers to the process where a molecule 

absorbs a sufficiently energetic photon and instead of 

immediately ejecting an electron, is promoted into a quasi

discrete excited state which exists above the ionization 

potential threshold. One way to envision how this might 

happen is to consider the case where the absorbing electron 

is not the electron in the lowest energy state of the 

molecule. After promotion into the quasi-discrete excited 

state, various relaxation pathways compete. This is 

illustrated below and in Figure 2.2: 

In the first example the molecule relaxes by the 
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ejection of an electron to form the molecular ion. The 

ejected electron is not necessarily the electron which 

absorbed the photon, although the sum of the energy of the 

molecular ion and the ejected electron is equal to the 

energy of the ionizing photon in any event.. The excited 

intermediate state is provided by either electronic or 

vibrational states of the molecule which are imbedded in 

the ionization continuum. As the number of atoms in the 

molecule grows, so does the density of these imbedded 

states and thereby the chance that autoionization pathways 

will be important. Due to the presence of the excited 

intermediated state, autoionization is slower than direct 

ionization (>10-u s), but is still faster than the second 

example which is secondary photon emission «10-8 s). 

The other two mechanisms shown above are dissociation 

into either a neutral or ion pair via predissociation. 

Ion and Neutral Pair Production 

In the case of ion or neutral pair production there is 

no electron ejected from the system. The possible 

processes are illustrated below and in Figures 2.3 and 2.4: 
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NEUTRAL PAIR PRODUCTION 

AB + hv ~ A + B 
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The general process for ion pair production is either 

direct ion pair formation or predissociation. In the case 

of direct dissociation there is a transition to a repulsive 

surface lying above the dissociative threshold. Since 

there is no intermediate step, this process is very fast 

«10-13
S). Predissociation occurs when the absorption of 

the photon results in a transition to a bond state that is 

crossed by a another lower energy state that lies above the 

dissociation limit. The time scale for predissociation is 

variable and may be greater or less than that of 

autoionization, but is slower than direct ionization. 

Ions pairs may also be produced by photons with 

energies less than the ionization potential if certain 

conditions are present. There exists a gap between the 

bond dissociation energy for molecules, generally around 5 

eV, and the first ionization potential. Because the photon 

lacks sufficient energy for ionization, one of the pair 
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must be able to add energy to the process via a high 

electron affinity. HCl, CH3Cl, and CH3Br have all been 

observed to produce ion pairs. Generally halogens have 

sufficient electron affinity for this to occur, although 

the presence of a halogen alone does not ~arantee that ion 

pair generation will be possible. Energetically the 

following conditions must be true: 

IPA - EAB + Do,AB < hv < IPAB 

where IP stands for the ionization potential of either A or 

AB, EA is the electron affinity, Do is the dissociative 

energy, and hv is the photon energy. 

Processes that result in neutral pair formation are of 

little value in the area of analytical mass spectrometry 

because the neutral fragments cannot be directly analyzed 

and detected by the mass spectrometer. 

Photoionization Cross Section and Relative Efficiency 

Through the above processes if an absorbed photon has 

energy equal to or greater than the ionization potential of 

the molecule then photoionization by means of the removal 
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of an electron from the molecule is possible. This 

contrasts to electron impact ionization where the 

probability of an ionization event occurring is zero at the 

ionization potential threshold and increases linearly with 

increasing electron energy. In either case the ionization 

cross section can be described by the foliowing 

relationship described by Wigner (1948): 

o = A(E-IP)rl 

where 0 is the ionization cross section, A is a constant, E 

is the energy of the ionizing particle or photon, IP is the 

ionization potential and n is the total number of photons 

that escape in the event. The relationship predicts that 

for photoionization, where n=l, this function will behave 

as a step function as the ionization potential threshold is 

crossed. The function does not take into account the 

effects of temperature on the internal energy of the 

molecule. However the thermal energy available to a 

molecule at room temperature is equal to kT, where k is the 

Boltzmann constant and T is the temperature in Kelvin. A 

quick calculation of the value of kT at room temperature 

gives a value of about 0.03 eVe This indicates that if the 

molecules are within a few hundred degrees of room 



temperature then only the ground vibrational state is 

significantly populated and temperature effects on 

ionization efficiency can be ignored to a first 

approximation. 

43 

For most small polyatomic molecules, the value of the 

ionization cross section rises to a value 'of 50 Mb (Mb = 
megabarn = 10 -18 cm2

) within 0.5 eV of crossing the 

threshold. As the molecular size increases the average 

cross section also increases (Berkowitz 1979). There are 

also other factors that influence the ionization cross 

section, and thereby directly influence the observed 

relative ionization efficiency of a molecule. Aromaticity, 

particularly when coupled with electron donating groups, 

can significantly increase the relative ionization 

efficiency of a molecule. Comparison between the relative 

efficiencies of cyclohexane, 2-pentanone, toluene, p-xylene 

and naphthalene is a good example. By setting the relative 

response for toluene equal to 1, the relative ionization 

efficiencies are 0.17, 0.41, 1, 1.10, and 1.80 (Langhorst 

1981). Although this data was collected using a 

photoionization GC detector operated at atmospheric 

pressure, the basic relationship illustrated above remains 

valid. Data on relative efficiencies for other molecules 
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examined under mass spectrometric and gas chromatographic 

analysis conditions are also reported in Chapters 5 and 6. 

The presence of heteroatoms possessing non-bonded 

electron pairs such as nitrogen may not necessarily enhance 

the relative ionization efficiency, even when the aromatic 

nature of the compound remains intact. For example benzene 

(IP=9.24) and pyridine (IP=9.3), have relative responses of 

1 to 0.5 (Langhorst 1981). Heteroatoms such as nitrogen do 

play an important part when their presence results in a 

lowering of the ionization potential of the molecule versus 

its carbon analog. Many drug molecules contain tertiary 

nitrogens, and as a result have IP's mostly in the 7-8.5 eV 

range. Factors such as this are important when considering 

the ionization conditions necessary to achieve selective 

photoionization for a given set of sample molecules. 

Photoionization Fragmentation Patterns 

While photon impact and electron impact ionization 

processes roughly parallel each other, there are 

differences between the two processes and their respective 

spectra. The first major difference between 

photoionization and electron impact has to do with how the 
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energy interacts with the molecule. In the case of 

photoionization, the photon is actually absorbed by the 

molecule, while the energetic electron seldom penetrates 

into molecular system and the energy from the electron 

enters the system through coulombic interaction. Thus the 

photon delivers a discrete amount of energy, while the 

electron can deliver a continuous range of energy. The 

second major difference has to do with the resolution of 

the ionizing energy. Photon energy can be controlled 

easily to within a few tenths of an Angstrom, while the 

spread in an electron beam is a Gausian distribution with a 

typical energy spread directly related to the current 

passing through the heated filament. Spreads of a few 

percent of beam acceleration energy are not uncommon with 

conventional heated filament electron sources. This spread 

in energy further adds to the uncertainty associated with 

the energy imparted to the molecule by electron impact. A 

third major difference is that photon absorptions must obey 

selection rules, which limits the available pathways that 

the energy may enter the system for photoionization. This 

is not the case for electron impact. Due to the 

continuously variable nature of EI, all transitions are 

theoretically available. 
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Once the photon has been absorbed by the system with 

the result that an electron is removed from the system, the 

remaining photon energy is very quickly redistributed into 

the vibrational manifold of the ground electronic state of 

the molecular ion. This occurs regardless of the exact 

nature of the photoionization pathway taken. The process 

of fragmentation in then directed by a set of unimolecular 

reactions which compete to dissipate this excess 

vibrational energy. This entire process has been termed 

"quasi-equilibrium theory" or QET. 

Because of the differences in the amount and pathways 

available for the ionizing energy to interact with system, 

it is not surprising that there are differences in the 

observed fragmentation patterns between photoionization and 

electron impact. studies involving the fragmentation 

observed with toluene ion generated by either EI or PI 

conditions show definite differences in the ratios of 

various ions (stebbings and Taylor 1972). These 

differences were particularly noticeable for the ions at 

masses 91 and 92. The authors concluded that the observed 

differences were indeed the result of either the spread in 

the energy imparted by the electrons, or differing means of 

how the energy entered the system resulting in changes in 

the available fragmentary paths. 



47 

Fragmentary patterns can also be altered by photon 

flux. Raising the photon flux with laser sources creates 

additional fragmentation and the spectra begin to show 

large amounts of fragmentation similar to that observed 

with hard ionization sources such as 70 eV'electron impact 

(Antonov and Letokov 1981, Zandee and Berstein 1979). 

Several studies have been conducted to investigate a major 

question involved with the fragmentation observed with high 

flux condition photoionization. This question deals with 

whether the molecule absorbs additional photons beyond the 

minimum number needed to ionize, and thereby achieves a 

super excited state which then extensively fragments, or 

whether the molecule ionizes to the molecular ion which 

then begins to absorb additional photons and further 

fragment. Boesl et ale (1982), Antonov and Letokov (1981), 

Boesl et ale (1980), and others conducted studies on the 

observed fragmentation patterns using various laser 

photoionization conditions. Their results have shown that 

the molecule absorbs as many photons as it takes to raise 

the molecule above the ionization potential threshold, 

where the molecule ionizes to the molecular ion. Then it 

is the molecular ion which further absorbs photons, and 

fragments. Further absorption and fragmentation by 

subsequent fragments is also possible. 
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CHAPTER 3 

INSTRUMENTATION 

Hardware OVerview 

The selective ionization mass spectrometer system used 

in these stUdies consisted of a krypton VUV discharge lamp 

ionization source attached to a quadrupole mass 

spectrometer. A block diagram showing the major components 

of the PI/MS system is given in Figure 3.1. Data 

acquisition and scanning of the quadrupole were carried out 

under computer control. The quadrupole vacuum chamber was 

constructed from a large glass cross and was evacuated by a 

cryobaffled oil diffusion pump. A direct drive mechanical 

pump was used to back the diffusion pump and to rough 

evacuate the vacuum chamber. Samples were introduced into 

the ionization source by injection into a heated glass 

inlet system equipped with a ~olecular leak. 

The PI/GC studies were carried out by attaching the 

lamp to a GC equipped with either a 1/4 inch x 6 foot 

column, or a 25 meter high performance capillary column. A 

block diagram showing the major system components of the 
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PI/GC system is given in Figure 3.2 A picoammeter pickup 

was used to measure the ion currents exiting the 

photoionization region of the lamp. The output of the 

picoammeter was connected to a strip chart recorder, which 

served as the output device. In the case of the 6 foot 

column, a thermoconductivity detector (TCD) was also used 

for comparison purposes. A second chart recorder served as 

the output device for the TC detector. 

Operation of a Quadrupole Mass spectrometerr 

The quadrupole mass spectrometer is well suited for use 

with the VUV lamp source. Two major operational advantages 

obtained by using a quadrupole over a sector instrument are 

the ability to operate at relatively high source pressures 

(around 5 x 10-4 torr) and the quadrupoles tolerance of a 

wide ~E in ion kinetic energies. The tolerance of high 

source pressures allowed for sample vapor pressure within 

the lamp photoionization region to rise to around 1 x 10 -4 

torr, while the tolerance of a wide spread in ion kinetic 

energies allowed optimal ion transport from the source. 

Both of these advantages arise from the differences in 

how a quadrupole mass spectrometers operates in comparison 
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to sector instruments. The quadrupole mass spectrometer is 

not a true mass spectrometer in the conventional sense. A 

sector or time of flight mass spectrometer resolves ions by 

dispersion in either time or space. A quadrupole is 

actually a tuneable bandpass mass filter, which operates 

much in the same sense that a frequency bandpass filter can 

be set to pass only certain frequencies. Instead of 

filtering based on frequencies, the quadrupole filters ions 

based on their masses. This is accomplished through the 

combination of AC and DC electrical potentials applied to a 

set of four rods, which generates a quadrupolar 

electrostatic field. The ratio and absolute magnitude of 

the AC and DC potentials determines both the width of the 

band pass window as well as scans the band pass window over 

a range of ion masses. A good source on the general 

operating principles of the quadrupole has been done by 

Miller and Denton (1986), and a much more mathematical 

approach has been done by Dawson and Whetten (1976). 

Fortunately, a rigorous mathematical understanding of ion 

trajectories in quadrupolar electrostatic fields is not 

necessary to conceptualize the basic operation of a 

quadrupole mass spectrometer. The following will therefore 

describe the major operational characteristics of the 

quadrupole from a lion-mathematical based view point. 
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A quadrupole consists mainly of four conducting rods, 

ideally with hyperbolic cross sections but much more often 

round. Round rods are preferred by instrument 

manufacturers as very precise round surfaces are easier to 

machine than hyperbolic surfaces. The rods are spaced 

equally apart in a radial array. See FigUre 3.3 for a 

graphical representation. The radius shown as ro is 

critical for proper ion transmission. If round rods are 

used, ro is determined by rr~ x 1.1468. An unfortunate 

typographical error existed in the literature for over a 

decade, and resulted in a number of researchers to building 

quadrupoles with ro equal to rr~ x 1.16. While this error 

may not seem very great, studies showed that this error 

results in differences in available sensitivity of up to 

40% (Denison 1971). This unknown instrumental error 

probably was responsible for many of the reports of poor 

performance experienced with early quadrupole systems. 

A DC potential is applied to each of the four rods in 

the manner shown in Figure 3.3. The small x, y, z axis 

indicator located in the upper corner of the drawing will 

serve as the point of reference for this explanation. 

While the absolute magnitude of the applied DC voltage is 

the same in all cases, the bias is revers9d on opposing 

rods, creating positively and negatively biased pairs. An 
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Figure 3.3 Quadrupole Electrodes and Power Supplies 
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AC potential is then superimposed on the DC potential. The 

bias of the applied AC potential is also arranged so that 

one pair of rods is always 1800 out of phase with the other 

pair. This combination of AC and DC fields produces a time 

variable field gradient for all points within roo 

An ion entering a quadrupolar field will experience a 

series of attractive and repulsive forces. The magnitude 

of these forces will vary with the position of the ion 

within the field, and the time elapsed since the ion 

entered the field. The filtering effect of the quadrupole 

comes about in two analogous ways. Consider the situation 

depicted in Figure 3.4a. The rod pair with the positive DC 

potential acts to focus all ions into the center of the 

quadrupole. Since this pair of rods lies in the y-z plane, 

this pair will be noted as the y-z pair. As the AC 

potential becomes negative, it will begin to counter this 

focusing effect. Eventually the bias on the rods will 

become negative for a time. When this happens, the ions 

stop being focused into the center of the quad, and instead 

are attracted toward the rod surfaces. However this 

attraction does not last long, as the AC potential cycles 

positive again, and the ions are again focussed into the 

middle. Since acceleration is equal to mass times force, 

the acceleration experienced by an ion is equal to the 
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magnitude of the summed electrostatic potentials from the 

rod surfaces at that given point, divided by the mass of 

the individual ion. Larger, massive ions are accelerated 

less than smaller, lighter ions. Given a fixed ration of 

AC to DC potentials, a fixed r o , and a fixed AC frequency, 

the field between the y-z pair forms a hiqh mass pass 

filter because as ion mass becomes smaller and smaller, the 

relative effect of the attractive portion of the cycle 

accelerates the ions faster and faster. Eventually the 

ions begin moving so fast, that before the bias can become 

repulsive again, the ions have traveled far enough to have 

reached the electrode surface, and are neutralized. 

The rod pair in the x-z plane (Figure 3.4b) act as a 

low mass pass filter in a corresponding manner. Here the 

rod pair is bias negatively, so ions are attracted out of 

the center of the quadrupole and toward the electrode 

surfaces. As the AC potential goes positive, this effect 

lessens, and finally reverses for a time. The ions are 

then focussed back into the central region of the field. 

However, eventually ion mass becomes great enough so that 

the repulsive portion of the cycle is not enough to keep 

the ion from contacting the rod surface and being 

neutralized. 
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Figure 3.4c qraphically depicts the combination of the 

low and hiqh mass filters. Unless an ion has a mass that 

is passed by both sets of filters, one or the other of the 

filters will remove the ion before it can reach the 

detector. By settinq the deqree of overlap between the 

filters, the mass resolution of the instrUment can be set. 

A set of differential equations can be derived to 

accurately describe the motion of an ion in the quadrupolar 

field. Several references are available that qo into the 

mathematical intricacies, (Miller 1985, Dawson and 

Whetten), and will not be restated here. The important 

conclusion to these equations was found by a 19th century 

mathematician named Mathieu, and is qiven as Equation 3.1: 

--- + [ a" + 2QuCOS 2e ]u = 0 
EQ. 3.1 

KEY: 4eU 

e 
U 
V 
t 
w 

= 
= 
= 
= 
= 

a = ------

charqe on electron 
maqnitude of DC potential 
maqnitude of AC potential 
time since enterinq field 
frequency of AC potential 

2eV t 
w = -

2 

ro = quadrupole radius 
m = ion mass 
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This type of differential equation has two types of 

solutions, bounded and unbounded. Bounded solutions to 

this equation represent conditions where an ion trajectory 

is stable within the field. Unbounded solution represent 

conditions where the oscillations of the ions within the 

field become ever increasing in size, until the ion either 

flies out of the field, or hits a rod and is neutralized. 

The two values in Eq. 3.1 named a and q represent boundary 

conditions for the quadrupole. These conditions represent 

the effects that the AC and DC potentials have on ion 

stability, given that all the other four variables are 

constant. Fortunately, the contributions of the AC and DC 

potentials can be separated from one another. A graphical 

representation of this is called an a-q diagram. A small 

portion of such a diagram is given in Figure 3.5. This is 

the portion of the a-q diagram most often used by 

instrument manufacturers, as it requires the smallest range 

of useable voltages. The shaded portion of the a-q diagram 

represents the combination of AC and DC voltages that will 

give transmit an ion of a given mass. 

It would be very chaotic to choose an AC value and then 

search for a DC value that would give an ion a stable 

trajectory. What is done instead in to ratio the AC 

voltage to the DC voltage and keep this ratio constant 
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during the scan. The mass scan line represents this fixed 

ratio, and has a slope equal to a/q or 2U/V. When this 

mass scan line is set up, all ion masses can be thought of 

as lining up sequentially along the mass scan line, with 

high masses nearest the origin. Only the masses on the 

mass scan line that also fallon a stable portion of the a

q diagram will be transmitted. By choosing the magnitude 

of the AC and DC potential such that only a portion of the 

tip of the a-q region is crossed, the resolution of the 

instrument is set. The smaller the amount of overlap, the 

greater the resolution, and unfortunately the lower the ion 

transmission through the quadrupole. The resolution can 

actually be set to such a value that no ions are 

transmitted to the detector. The result is that in order 

to maintain reasonable ion transmission, the resolution of 

most commercial systems today is limited to about 2500 to 

3500. Because the available resolution of quadrupoles is 

not very high, often the resolution of the quadrupole is 

set for unit mass resolution across the mass scan region. 

The masses on the mass scan line are moved back and 

forth by changing the absolute magnitude of the AC and DC 

voltages, while holding the ratio constant. This must be 

very accurate, and so a portion of the AC voltage is 

rectified to DC so that the ratio can be very carefully 
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maintained. Since the ratio is constant, a doubling of the 

absolute values of the AC and DC potentials results in an 

ion of double the mass now being transmitted. The AC and 

DC voltages are repeatedly stepped over a set of values 

that transmits whatever mass range is desired. A delay of 

a few milliseconds is normally necessary between steps to 

allow the voltage supplies to stabilize before the detector 

signal is measured. 

The Krypton Discharge lamp 

The krypton VUV photon source used throughout this 

work was the coaxial krypton discharge lamp shown in cross 

section in Figure 3.6. The lamp was constructed by the 

Colorado state University Department of Chemistry glass 

shop. The lamp is made primarily of glass, with the 

exception of a portion of the central channel. The body 

was evacuated, heated and purged, and finally sealed with 

an internal krypton pressure of about 5 torr. At the same 

time, a barium alloy getter was flashed and sealed into the 

fill arm of the lamp to scavenge any material that 

outgassed from the inner glass surfaces during the 

operation of the lamp. The krypton fill gas is excited 
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using the radio frequency transmitter described in the next 

section. Due to the location of the VUV transmitting 

window within the lamp it was not possible to directly 

examine the VUV emission lines from the lamp. Examination 

of the near UV and part of the visible lamp emission showed 

no identifiable contaminant emission lines. The 

operational characteristics of the lamp is presented in 

Chapter 4. Because the lamp was filled with a gas pressure 

of around 5 torr, the lamp operated in the line emission 

mode, and produced the characteristic VUV emission spectrum 

for krypton. Part of this spectrum were lines at 123.6 and 

116.5 nm, which correspond to 10.03 and 10.64 eV photon 

energy respectively. The line at 123.6 nm is more intense 

of the two. Okabe reported that the line at 116.5 nm is 

about 28% as intense as the line at 123.6 nm (Okabe 1963). 

Other higher energy Kr(I) lines produced in the discharge 

were not available due to the optical transmission 

properties of the materials used to construct the lamp. 

Although not experimentally tested with this particular 

lamp and exciter, based on existing information if the lamp 

internal pressure had been sufficiently high ( >50 torr in 

general) the lamp would have produced a krypton continuum 

emission covering the spectral range of 124 to about 180 nm 

(Huffman et ale 1965). This corresponds to a photon energy 
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range of 10.0 to 7.3 eVe 

Other gasses could have been used to fill the lamp. As 

was mentioned earlier in Chapter 1, commercially available 

from HNu Systems (Newton, MA) and others are a number of 

different fill gasses. For example, 8.3, 9.5, 10.2 and 

11.7 eV photon lamps are available from HNu. Although the 

company does not expressly indicate the exact composition 

or pressures of the fill gasses, based on the photon 

energies the lamps are probably filled primarily with 

xenon, oxygen, krypton and argon gas respectively and 

operated in the emission line mode. All of these lamps are 

available with a window of optically transmissive material 

fixed to one end of the lamp in the same manner as is used 

with hollow cathode lamps. Another company called 

Quantatec (Chatsworth, CA) markets a line of lamps with 

fill gas pressures of 50 torr which produce continuum mode 

discharges for xenon, krypton, and argon, and cover 

spectral ranges of 147 to 190, 124 to 170, and 115 to 160 

nm respectively (Quantatec 1980). Several detailed papers 

exist that show emission data for discharge lamps operated 

in a variety of different excitation modes and pressure 

regions using several different fill gasses. (Okabe 1964( 

Warneck 1962, Huffman et ale 1965, Lossing et ale 1956) 

The reader is referred to these papers for a more detailed 



look at the photon ranges and energies available with the 

use of gas discharge lamps. possible future work with 

coaxial lamps operated in the continuum discharge mode is 

discussed in Chapter 7. 
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As was mentioned earlier, the lamp pro~uces two 

different photon energies, both of which occur well below 

the 300 nm transmission cutoff for glass. This mandated 

that a portion of the central glass capillary be removed 

and replaced with a suitable salt window material. 

Magnesium fluoride was chosen as it had the proper 

transmission characteristics, down to 110 nm (11.3 ev). 

Lithium fluoride has better optical transmission 

properties, down to around 105 nm (11.8 eV), but was 

rejected due to reported persistent problems with 

discoloration upon very limited exposure to vuv radiation 

(Okabe 1964, Lane et al. 1967). As of the end of this 

study the magnesium fluoride tube in the coaxial krypton 

lamp has undergone several hundred hours of operation with 

only a slight frosting of the internal salt surface, and no 

observable reduction in photon flux. This is contrasted to 

lithium fluoride which was reported operated less than 10 

hours before noticeable loss of photon flux was reported 

(Okabe 1964, Lane and Kupperman 1967). 
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A special proprietary sealant was required in order to 

bond the magnesium fluoride capillary to the glass 

capillary. This sealant was developed by the chemistry 

department glass blower of Colorado state University. The 

sealant was capable of maintaining a vacuum tight seal on 

the lamp in spite of the differences in thermal expansion 

between the magnesium fluoride and the glass. In order to 

maintain tha integrity of the seals, the lamp was not 

heated above 60°C. Future lamps might be sealed with Torr

Seal (Varian Associates, Palo Alto, CA), or silver chloride 

which would allow a greater temperature range. 

When the krypton gas was excited, the resulting plasma 

emission occurred around the outside of the magnesium 

fluoride tube. The area inside of the magnesium fluoride 

tubing defined the photoionization region of the lamp. The 

unique configuration of the photoionization region allows 

sample molecules to experience a significantly greater 

amount of the total photon flux as compared to that of a 

conventional side window lamp design operated at similar 

input power levels. 

The coaxial construction of the lamp also allows 

samples to be passed through the lamp using a helium 

carrier, or any other suitably high IP gas, and the photo

generated ions then removed from the photoionization region 
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to be detected either with a picoammeter (GC studies), or a 

magnetic electron multiplier (MS studies). 

The Radio Frequency (RF) Lamp Exciter 

In the past the use of 2450 MHz microwave 

radiation to excite emission from a gas been reported (Lane 

and Kupperman 1967, Warneck 1962, Okabe 1964). The 

microwave generators used in these stUdies have operated at 

output power levels of 85 to 125 watts. A second means of 

excitation has been adapted for this study that uses energy 

in the region of 10 to 100 MHz, which is in the radio 

frequency (RF) region (Quantatec 1980). The lamp used in 

this study opted fo~ this later method of excitation for 

matters of simpler transmitter design and lower power input 

requirements. 

The circuit for the RF transmitter constructed for this 

study is shown in Figure 3.7. The circuit is based on a 

single silicon NPN power transistor, operated in a free 

running mode. The transistor used for this circuit is a 

12.5 watt ECG 186 transistor (Phillips ECG Inc., Waltham, 

MA). Although several other transistors were tried, the 

ECG 186 transistor consistently performed the best. The 
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TO-202 package connected to a large piece of heat sink was 

found to perform much better than a heat sinked TO-99 metal 

can package at dissipating heat. A problem encountered 

during the course of experimentation had to due with the 

transistor shorting out between the collector and the base. 

The actual reason for this problem was never fully 

determined, but seemed to be associated with the initial 

establishment of resonance in the circuit. Transistors 

with higher collector to base voltage ratings and power 

dissipation ratings were tried in an attempt to overcome 

this problem, but many of these transistors were not 

capable of operating in the necessary frequency region (>10 

MHz). Fortunately, once a particular ECG 186 transistor 

was found that operated properly, usually that transistor 

would function for several months before requiring 

replacement. The entire circuit was powered by a 40 volt 

Lambda power supply (Lambda Electronics Corporation, 

Melville, NY), which was set to deliver +28 DC volts at a 

maximum of 350 mAe The power was delivered to the circuit 

via a RG58/U coaxial cable. In order for the circuit to 

operate properly, a 1000 pF 25 volt ceramic bypass 

capacitor was necessary between the power input and return 

leads. The entire circuit was built on circuit 

construction board and mounted inside a grounded metal box. 
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Two short lengths of RG58/U coaxial cable ending in micro 

alligator clips were used to connect the transmitter to the 

lamp. 

After the power was turned on to the transmitter, the 

circuit began to oscillate at a frequency of about 37-38 

MHz, with a peak to peak voltage output of about 75 volts. 

A sample oscilloscope trace obtained is shown in Figure 4.1 

of Chapter 4. This trace is characteristic of the normal 

output RF energy available to drive the krypton lamp when 

using the ECG 186 transistor. A 5 to 35 pF variable air 

core capacitor is connected to the transistor to adjust the 

phase differences within the circuit to give the maximum 

peak to peak wave form. 

The RF energy was deposited into the krypton gas using 

an antenna made from a strip of thin copper metal tape 

normally used with home security systems. The number of 

windings and the width of the spacings was experimentally 

determined and the results are discussed in Chapter 4. 

From this data it was determined that four to five turns of 

a lmm wide strip produced the most intense and stable 

emission. A 5-100 pF variable air core capacitor was used 

to adjust the effective length of the antenna in order to 

impedance match the antenna load to the transistor circuit. 
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A very simple way to qauge the degree of impedance 

matching was discovered when building the circuit. A 28 

volt lamp was installed across the +28 volt power lead and 

the return to allow the operator to know when power had 

been turned on to the unit. When the circuit and load 

impedance were badly mismatched, this resulted in the 

voltage of the power supply being drawn perceivably below 

28 volts. The result was that the 28 volt lamp also 

perceptively dimmed. This turned out to be very useful in 

the initial tuning of the circuit prior to igniting the 

discharge. 

Even when the 28 volt lamp indicated good impedance 

matching, the output energy from the transmitter was not 

SUfficient enough to initiate the gas discharge. The 

additional excitation required was accomplished using the 

spark from a piezoelectric gas range striker. A tesla coil 

discharge was tried for a time but kept damaging the 

transistor and was no longer used. 

Data was collected on the operational characteristics 

of the lamp and is presented in Chapter 4. 
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The Lamp to MS Vacuum Housing Mounting Flange 

Figure 3.8 shows the mounting flange assembly used 

to connect the krypton lamp to the mass spectrometer vacuum 

housing. The lamp mount consists of a brass base plate 

that bolts to the end plate of the spectrometer vacuum 

housing, and a second nylon plate that compresses one of 

two 0 rings used to seal the lamp to the vacuum system. 

The second 0 ring is located inside the base plate where it 

serves to both give additional vacuum sealing as well as 

prevent the lamp from being pulled into the vacuum chamber 

when the spectrometer is under vacuum. A third "0" ring 

serves to seal the brass plate to the vacuum chamber end 

plate. 

The Vacuum System 

Figure 3.9 shows the principle components of the vacuum 

system used in the mass spectrometer study. The basic 

design of the system has been developed and described by 

Reinsfelder (1977) and Phillips (1985) as well as several 

others. The body of the vacuum chamber was made out of a 

Pyrex type 72-1970 glass process pipe cross. (Corning Glass 



FROHl'VIEW 

BASE PLATE 

'. 

BIDE VIEW 

... 
... 

... 
t •• 

, ... 

,. 

I 

LAMP IN til 

-

- .~ 

.. 

41 

l.- t 
,-

'--

SHADED AREAS INDICATE LOCATIONS I I or THr. THREE 0 lUNG SEALS 

0.5 em 

Figure 3.8 The Lamp Mounting Flanges 

74 



LAMP EXCITER 

LAMP 
" SAMPLE 

T 

TO ROUGH 
PIJHP '1 

QUADRUPOLE RF HEAD 

DETECTOR ELECTROMETER 

HAIN GATE VALVE 

CRYOGENIC TRAP 

OIL DIFFUSION PUMP 

Figure 3.9 Basic Vacuum System Components 

75 



76 

Works, Corning, NY). The end plates were made from either 

1 inch aluminum or 1/2 inch type 321 stainless steel. The 

plates were secured to the ends of the cross using standard 

aluminum collars (Corning #72-9450) and suitable mounting 

hardware. The end plates were sealed using teflon gaskets 

(corning #72-9809) that were made for use with the glass 

cross. Although the gaskets performed well, it was 

necessary to be very careful when tightening down the 

collars to avoid uneven pressure on the seals, and to 

periodically check the seals for signs of excessive 

deformation or flattening. All end plates were fitted with 

a number of vacuum tight BNC feed through connectors for 

connection to either the electrostatic lens assembly, the 

source filament, or the detector. The voltages for the 

quadrupole rods pass into the system via two 5KV vacuum 

feed throughs located in the top plate. 

The system is pumped with a Varian VHS6 (Lexington, MA) 

high speed oil diffusion pump using a varian model 316-6 

liquid nitrogen cooled cryobaffle. The pump is rated at 

1100 lIs speed with the cryobaffle in place. Also 

contained on the spectrometer stand is a 1400 lIs model 

PMC-1440 diffusion pump. (Consolidated Electrodynamics, 

Rochester, NY) This pump has a water cooled baffle that 

was modified for use with a small refrigeration unit. This 
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pump was installed several years earlier when the system 

was operated as a dual quadrupole spectrometer, but was 

capped and not used for the PI/MS work. The Varian 

diffusion pump was separated from the vacuum chamber via a 

Vacuum Research corporation (San Roman, CA) Model 94577 

gate valve. 

Rough pumping for the vacuum chamber and as well as 

backing for the oil diffusion pump is provided by a direct 

drive Leybold-Heraeus (Export, PA) model D60A, which is 

capable of 1030 l/min pumping speed. In order to lessen 

the foreline oil streaming from the pump, the foreline is 

cryogenically trapped. A Kinney Vacuum Company (Boston, 

MA) KC-15 rotary pump is used to evacuate the sample inlet 

system. 

An MDC model TCC-200 (Hayward,CA) thermal conductivity 

rough vacuum gauge and two TGT-1 senders were used to 

monitor the vacuum chamber and diffusion pump exhaust 

pressures. High vacuum pressure is monitored using a 

Varian 860 cold cathode vacuum gauge and a 524-2 sender. 
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The Quadrupole Mass spectrometer 

The quadrupole was built by Extranuclear (now called 

Extrel, Pittsburgh, PAl. The system consists of a Model 

011-1 radio frequency power supply, a mode~ #012-13 High-Q 

Head matching network, and a model 4-162-8 quadrupole. The 

rods were 9.5 mm diameter by 30.5 em in length. The 

quadrupole was operated at a nominal frequency of 2.5 Mhz, 

with a mass range up to about 450 amu. The quadrupole was 

capable of scanning the entire mass range once every 2 

seconds, and the resolution was normally set to obtain unit 

resolution throughout the mass range scanned. The scanning 

of the quadrupole was accomplished via external computer 

control using the quadrupole control unit external control 

jack. 

The Ion Detector 

Ions were detected using a Galileo Electro-optics 

Corporation (Sturnbridge, MA) magnetic electron multiplier 

model M-306. The detector employs continuous dynode strips 

made of a proprietary lead-bismuth oxide instead of the 

copper-beryllium oxide material found in discrete dynode 
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multipliers. Because of this difference in the composition 

of the dynode material, this detector was well suited for 

this experimental work. The detector could operate at 

relatively poor vacuum, pressures as high as 5 x 10.4 torr, 

and could withstand sudden jumps in vacuum chamber pressure 

without serious damage. 

The simple design of the detector also made cleaning 

very simple. The dynode material was coated on two glass 

plates. When the plates were removed the dynode surface 

could be cleaned by gently rubbing with a pink pearl 

eraser, and thoroughly rinsing in hexanes, propanol, and 

methanol. Cleaning was required every few months to lower 

the overall detector noise, especially when the system was 

operated for extended periods of time at pressures above 5 

x 10.5 torr. 

The cathode material used with the detector is 

tungsten. Normally when an ion with sufficient kinetic 

energy strikes the cathode there is an emission of 

secondary electrons from the cathodic surface. These 

electrons are then directed down the dynode surfaces, 

causing an electron cascade that finally reaches the anode 

and is read as a current. Unfortunately the tungsten 

cathode is also responsive to photons of energy greater 

than the first ionization potential of the metal (7.98 eV). 
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The photons produced by the krypton lamp are capable of 

photogenerating electrons from the cathode surface, which 

in turn is expressed as significant detector noise, both in 

terms of events per second and size. The HEM operators 

manual for the detector lists the efficiency of electron 

generation for 121.6 nm radiation as 3% (Galileo Electo

optics). This problem can be partially relieved using a 

method described by Nakoa (1975). The detector is mounted 

slightly off axis and a set of electrodes are used to 

divert ions exiting the quadrupole toward the cathode. 

Additional photon noise was removed by angling the lamp 

slightly off the quadrupole center axis so that most of the 

photons that exit the lamp are not directed toward the 

detector. 

The Electrometer 

The electrometer used to convert the anodic current 

signal from the detector into a proportional voltage was a 

home built system that was completely contained in a 

shielded metal box immediately adjacent to the vacuum feed 

though leading from the detector. The location of the 

electrometer significantly improves the quality of data 
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transferred to the data system by eliminating the need to 

send sensitive analog signals long distances by converting 

the analog signals to digital information. This is 

desireable considering the proximity of the radio frequency 

transmitter and the impedance matching net~ork to the 

spectrometer. The electrometer centers around AD-515 high 

speed, low noise FET op amp which converts the nanoamp 

anodic currents into the microamp range. This current is 

then conv~rted into a voltage using a LF-356 op amp. The 

circuit and board were built in house and have been fully 

described elsewhere (Miller 1985). The electrometer had a 

variable gain from 106 to 1010, as well as variable noise 

damping capability. 

Digital conversion of the analog signal was 

accomplished using an Analog Devices DAS-1151 high speed 

hybrid, 12 bit analog to digital converter (Norwich, MA). 

This device contains an instrumentation amplifier, a sample 

and hold amplifier, and a high speed (21 microseconds) 

analog to digital converter. In addition, the gain of the 

amplifier may be selected to have values of 1, 2, 4, or 8 

depending on the intensity of the signal. 

In order to provide the operator with information for 

use in optimizing the instrumental parameters, a Tektronix 

(Beaverton, OR) model RM-564 storage oscilloscope was used 
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as a real time scanning display device. A shielded line 

from the electrometer was sent to the data system interface 

box and from there it was sent to the scope via a standard 

BNC cable. 

The Data System and Peripherals 

The majority of the data system interface and its 

various functions have been extensively described elsewhere 

(Miller 1985), and so only an overview of major components 

and important functions will be described here. The 

digitized detector signal was sent into a DRV11-C serial 

interface installed in a Digital Equipment Corporation LSI-

11/03 (Maynard, MA) computer. The computer contained 56 

Kbytes of ram and stored information on either of two RX01 

8 inch floppy drives. Each disk could store some 60 

individual scans. 

The LSI-11/03 was interfaced to the quadrupole 

controller using a Datel model 169-16B 16 bit digital to 

analog converter to produce a 0-10 volt output. This 

output was passed through a buffer amplifier and a 10 K-ohm 

resistor to produce a 0-1 ma current, which was 

proportional to the word present at the DAC input. The 



83 

current signal was used to ramp the applied quadrupole 

voltages and to scan the spectrometer. The data system was 

set to wait about 2 milliseconds after sending a new 

current to the quadrupole controller. This delay was to 

give the high voltage electronics a chance, to settle before 

the data system sampled the detector signal. 

All user interfacing to the computer was done through a 

Lear Siegler ADM-5 terminal (Anaheim, CA). This terminal 

contained a graphics board and was capable of acting as 

either a text or graphics display device. Text hardcopy 

capability for text was handled by a Data General Dasher 

TP-1 (Southburo, MA) printer. All hardcopy of graphics was 

done using either a Watanabe WX4671 MIPLOT (Tokyo, Japan) 

printer to produce direct hardcopy, or by downloading the 

data in ASCII to an IBM PC for further processing before 

printing the graphics using a Hewlett-Packard LaserJet II 

printer. 

The Software 

All the software for the LSI-11/03 was written in 

CONVERS version 3.3, which is a stack oriented, dictionary 

based language developed by Denton and Tilden (1979). 
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Convers is structurally similar to the FORTH language 

(Moore 1974) and combines the speed of compiler based 

languages with the flexibility and interactive features of 

compiled languages. A more complete discussion of 

applications of CONVERS and similar threaded code 

environments has been done by Sims (1984)" The majority of 

the programming for controlling the quadrupole system, and 

data collection was done by Miller (1985), and only 

cosmetic changes were necessary to adapt all the existing 

CONVERS programs. 

After the data had been collected and stored on 8 inch 

diskette, it was shipped as ASCII cod~ to an IBM XT using a 

serial data transfer. ASYST software (Macmillan Software 

Co., NY) was used with the IBM to accept the ASCII code and 

to store the information on 5 1/4 floppy disk. Later this 

information was worked up into final form using Borland 

Internationals Quattro Pro data base program (Scotts 

Valley, CA). 
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The Electron Impact ionization Source 

A conventional electron impact (EI) source was attached 

to the quadrupole so that calibration spectra could be 

obtained. The EI source is a modified design based on that 

originally developed by Swingler (1970), and later adapted 

by Miller (1985). 

The Swingler electron impact source is a high 

sensitivity, (-8 amps/torr), source that was designed 

specifically for use on a quadrupole system. Figure 3.10 

shows the overall size and spacings of the electrostatic 

lens assembly and filaments. The source was assembled 

using electrostatic ion optic components from Kimball 

(Wilton, NH) using the general outline given by Miller 

(1985). The major revisions in design necessary to allow 

the use the electrostatic ion assembly to collect and focus 

ions formed in the photoionization lamp are described in 

the next section. It should be noted that since the 

electron impact source was used only in a semi-quantitative 

manner, and there was no attempt to stabilize the filament 

emission using a feedback control circuit as is normally 

done with an electron impact source. Instead the HP 

Harrison power supply was operated in the normal constant 
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current mode, which provided adequate current control for 

these studies. 

The Krypton Lamp Source 
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Figure 3.11 illustrates the orientation of the krypton 

lamp to the Swingler EI source. The single biggest 

modifications to the existing Swingler source design used 

by Miller (1985) came in cutting a 1 cm x 1 cm hole in the 

mesh screen that defined the backside, (denoted as the grid 

in Figure 3.11), of the ion cage and adding a cylindrical 

lens in front of the grid. This was done to improve the 

ion transmission from the lamp into .the quadrupole. The 

presence of this hole did not significantly effect the 

ability of the electron impact source to produce spectra. 

The other differences came in the magnitude and bias of the 

voltage applied to various electrodes in order to optimize 

the photo-ion signal. Typical operating voltages are given 

in Table 3.1. 

Due to the 1 to 2 orders of magnitude greater mobility 

of electrons versus ions at a given pressure, it was 

necessary to equip the lamp with two specialized 

electrodes. See Figure 3.12 for location of these 
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Table 3.1 Normal Operational Settings 

Component Name 

Lamp 

Normal Operating 
Voltage or Range 

Transmitter 28 volts 
Input Voltage 

Ion Tube -50 to -300 volts 
Electron 36 to 235 volts 

collecting Plate 

Ion Lens Assembly 

Grid 
Cage 
Ion Energy 
Ion Focus 
Ion Deflection 
Ion Ring Electrode 

Operating Pressures 

Inlet pressure 
Analyzer Chamber 

Detector 

Voltage 
Electrometer 

Gain 
AID Gain 
Noise Damping 

-100 volts 
40 volts 
-20 volts 
-100 to -250 volts 
40 volts 
o to +5 volts 

10 to 1000 mtorr 
5 E-6 to 5 E-4 torr 

1700-1950 volts 
106 to 1010 

1 to 8 
0.015 to 0.150 ~F 

Normal Settings 
and Comments 

-100 to -200 volts 
36 to 45 volts 
(MIM Mode) 
90 to 190 volts 
(LEI Mode) 

-200 volts 

+5 volts 

10-250 mtorr 
>5 E-5 for 

1750-1850 volts 
108 

1 to 4 
0.050 ~F 
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electrodes. without the presence of both of these 

electrodes, very few of the ions produced within the lamp 

are able to actually exit the lamp, and are instead 

neutralized by recombination with the more mobile 

photogenerated electrons. A small 2 em long x 2 mm 

diameter brass tube was fashioned out of 0.002 inch brass 

foil. This electrode is referred to as the ion tube. A 

wire was soldered to the tube, and the tube was inserted 

into the lamp up to the end of the magnesium fluoride 

capillary. The wire was connected to one of the vacuum BNC 

fittings on the end flange. A second electrode was 

fashioned out of a 3 cm x 1 mm piece of brass shim. About 

2 rom of the end of the brass was bent 90 degrees to form a 

long "L" shape, which was attached to the sample tube and 

inserted into the lamp. This second electrode is referred 

to as the electron plate. The ion tube was connected to a 

Hewlett Packard Harrison 6448B 0-600 volt power supply. 

The voltage supply for the electron plate consisted to an 

array of 45 and 9 volt Eveready (st. Louis, Mo.) batteries. 

By combination of the various batteries in the array 

voltage from 36-235 volts could be obtained. Voltage 

settings normally used with the plate are given in Chapter 

5. 
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The Heated Sample Inlet System 

Figure 3.13 shows the heated sample inlet arrange~ent 

from two different views. A stopcock side arm was attached 

to a gas sampling flask (Supelco Inc., Bellefonte, PAl. 

The unattached end of the side arm was bent upwards at 90 

degrees. A 2 cm length of 2 mm diameter glass tubing was 

attached to the bend in the side arm. The 50 micron 

molecular leak was sealed on the end of the glass tubing 

using Torr-Seal. The molecular leak was constructed from 

0.002 brass shim which was drilled with a 50 ~M drill. 

This small length of glass tubing is referred to as the 

sample tube in Figure 3.12. The vacuum seal between the 

sample tube and the lamp body was made by winding several 

layers of PTFE pipe thread tape around the sample tube and 

the electron collecting electrode and inserting both into 

the lamp body. A small amount of Dow Corning RTV 3142 room 

temperature vulcanizing sealant (Dow corning, Midland MI) 

was used to further seal the lamp. This seal was 

sUfficient enough to hold the vacuum chamber below a 

pressure of 5 x 10-6 torr. The electron plate was 

positioned along the outside of the sample tube prior to 

sealing as shown in Figure 3.12. 
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Periodically the molecular would clog due to a build up 

of sample material on the surface of the plate. Cleaning 

required the removing of the sample tube from inside the 

lamp. Extreme care is required to carefully remove the 

tube without breaking the glass. A razor blade was used to 

weaken the bond of the sealing material to the glass, 

followed by carefully removing the sample tube from the 

lamp body. Often the leak could be cleared by flushing 

both sides of the leak with chloroform and blowing 

compressed air on the face of the leak. If a new leak is 

required, or the sample tube is broken during cleaning, 

glue the molecular leak onto the next sample tube· using 

Torr-Seal, being careful not to apply sealant over the leak 

area itself. Experience showed that the leak would often 

operate everyday for two to three weeks before clogging. 

A heating element was constructed using 10 cm length of 

14 gauge nichrome wire (Hoskins Mfg. Co., Detroit, MI) was 

looped around the glass bend as shown. CUrrent for the 

heater was supplied using an dual Harrison 6550A power 

supply. Sample tube temperature was determined by use of a 

thermocouple wire and reader (Hitachi Instruments, Tokyo). 

A temperature range of 20°C to 60°C was obtainable with 

this arrangement. 
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One side of the gas sampling vial was attached to the 

Kinney rough pump and the other side of the flask was 

attached to a helium line. Flow through the helium line 

was controlled by an Air Products (Allentown, PA) model 

2280 regulator and a Whitey (Highland Heights, PA) model 

SS-21RS4 precision needle valve. This arrangement allowed 

the sample inlet to be both evacuated and helium purged 

when desired. A injection syringe septa port on the side 

of the gas sampling vial also allowed either large sampling 

volumes, in excess of 2 ~l, or gas samples to be analyzed 

without significantly raising the mass spectrometer vacuum 

chamber pressure. 

Normal operation of the inlet proceeded by evacuating 

the body of the gas sampling vial and side arm for a few 

minutes with the side arm stopcock open. Before a sample 

was injected, the side arm stopcock was close and 0.02 to 

0.4 ~l of sample was injected into the side arm septum. 

This procedure generally resulted in a sufficiently slow 

sample diffusion into the phot~ionization region of the 

lamp to avoid excessively raising the vacuum pressure in 

the main vacuum chamber. As the molecular leak ages, this 

pressuz'e spike will steadily grow greater in magnitude as 

successive cleanings gradually enlarge the diameter of the 



molecular leak. Ultimately, this raise in pressure will 

determine the end of useful life for a molecular leak. 

Photo ionization Gas Chromatograph Interface 
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Figure 3.14 shows the attachment of the krypton VUV 

lamp to the gas chromatograph. Both a GOW-MAC model 350 

(GOW-MAC Inc., Bridgewater, New Jersey) gas chromatograph 

and a Carlo/Erba Model (Milano, Italy) were used for the 

study. The GOW-MAC GC is a dual column system. Column A 

was fitted with a 6 ft. x 1/4 in. ss column packed with OV-

1 stationary phase. Column B was fitted with a 6 ft. x 1/4 

in. ss column packed with Carbowax PEG2000 stationary 

phase. All injection were made into A column. All 

injections were made with a standard Hamilton 10 ~L 

syringe. Normal operating parameters are in Table 6.1. The 

Carlo/Erba GC was fitted with a single 25 meter x 0.1 mm id 

WCOT OV-17 high performance capillary column (Supelco Inc., 

Bellefonte, PAl. A simple splitter was built from a 1/16" 

Swedg-Lok tee and a Whitey needle valve to avoid 

overloading the capillary column. The spilt ratio was 

normally set to around 500:1 for a 0.1 ~l injection. 
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A negatively biased floating picoammeter pickup was 

constructed using four 45 volt Eveready batteries in a 

shielded metal box. Connections to the box and the pickup 

and the box and the picoammeter were made using BNC 

connectors and RG58/U coaxial cable. The picoammeter 

pickup was constructed by stripping away l' inch of 

insulation and dielectric from the RG58/U to expose the 

inner conductor. The end of the conductor was sanded flat 

and a 1/8 inch diameter circle of 0.002 inch brass shim was 

soldered perpendicularly onto the end of the wire. The 

pickup was inserted into the lamp up to the magnesium 

fluoride tubing defining the photoionization region. 

Proper insertion of the pickup was critical in order to 

avoid excessive background current being generation by the 

VUV photons from the photoionization region of the lamp. 

Generally this was accomplished by inserting the pickup 

into the lamp as far as possible, and then backing the 

pickup out about 0.5 mm or until the background dropped to 

a manageable level. Periodic cleaning of the pickup 

surface also helped to limit the background noise and 

improve sensitivity. 
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CHAPTER 4 

OPERATIONAL CHARACTERISTICS OF THE VUV KRYPTON LAMP 

Lamp Operational Modes: Normal and Fat Plasmas 

Table 4.1 and Figure 4.1 shows the data obtained for 

the RF transmitter used to drive the krypton discharge 

lamp. The lamp was discovered to operate in two different 

discharge modes. Normally when the lamp was first ignited, 

the lamp would operate in what is called the normal mode. 

The normal mode plasma was generally dispersed throughout 

the interior of the lamp, in an amorphous cloud. The 

optimal tuning was determined by dimming the room lights 

and adjusting the antenna load tuning capacitor to give the 

maximum emission intensity from the lamp. After the 

maximum intensity was achieved the frequency of oscillation 

and peak to peak voltage from the transmitter was measured 

with a Tektronics Model 2430 digital storage oscilloscope. 

The normal mode had an initial optimized frequency of 

operation around 37-38 MHz, with a peak to peak voltage of 

75 volts. 

The second mode of operation usually required an 

additional spark from the piezoelectric striker, directed 
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at one of the ends of the lamp while the normal plasma 

discharge was in operation. This second spark would shake 

the entire plasma free from the interior walls of the lamp 

and cause it to collapse entirely under the load coil 

windings. This second mode of operation was termed the fat 

plasma, as the plasma discharge assumed a ·fat torroidal 

shape, which was noticeably brighter than the normal mode 

discharge. The optimum frequency of operation for the 

transmitter changed when the fat plasma mode was entered, 

as did the measured peak to peak output voltage. Optimum 

fat plasma mode frequency of operation was around 30 MHz 

with a peak to peak voltage maximum of 38 volts. The 

transmitter output in fat plasma mode also shows a 2 MHz 

beat frequency which was not observed with the normal 

plasma mode. While the frequency measurements are believed 

to be accurate, the voltage measurement is probably not 

entirely accurate due to the loading caused by the 

oscilloscope leads during the measurement of the signal. 

The loading caused by the leads probably resulted in lower 

than actual peak to peak voltage readings. Although the 

actual peak to peak voltage values may be inaccurate, it is 

believed that the relative measurement between the fat and 

normal modes are correct. 
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Figure 4.1a Normal Plasma Wave Form 
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Table 4.1 Rf Transmitter Wave Forms 

Frequency 

Normal Plasma 37MHz 

Fat Plasma 30MHz 

Amplitude 
(peak to peak) 

75 volts 

28 volts max 
19 volts min 
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comments 

2MHz beat 
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Visible and near ultraviolet emission spectrum 

In order to examine the purity of the krypton emission 

spectrum, the emission of the lamp was scanned from 300 to 

600 nm and the results are shown in Figure 4.2. The data 

shows that there were no observable emission peaks that 

were not identified as coming from the krypton gas. This 

is particularly important in the region of 300 to 400 nm 

where the majority of the impurity emissions, such as 

hydroxide, were expected to be found. A small number of 

minor intensity krypton emission lines were absent or of 

such low intensity that they were not recorded. These 

differences are probably the result of differences in the 

excitation mechanisms for the lamp versus those used to 

generate the reference table. 

Load coil windings study 

A study was conducted to determine the optimum number 

of windings and location of the load coil antenna that was 

used to couple the transmitter output power to the lamp. 

Four experimental factors were considered, actual position 

of the load coil with respect to the magnesium fluoride 
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Figure 4.2a Lamp Emission Spectrum 3000-6000 Angstroms 
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tubing, the actual width of the load coil windings, the 

number of windings around the lamp body, and the width of 

the spacings between the windings. In order to determine 

the optimal values for each of these variables, the quality 

of the plasma was rated on its overall intensity, 

distribution, immunity to distortion, and 'whether or not 

the fat plasma mode was obtainable. From the'data 

collected it was quickly determined that placing the load 

coil directly over the photoionization region using a load 

coil with coil spacings equal in width to that of the coil 

windings produced optimum discharges. Not so apparent was 

the optimum in the number of windings or the width of the 

windings. From the experiments it was learned that 

windings of 1-3 turns produced an inferior plasma which was 

easily distorted or extinguished by the presence of nearby 

metal objects. Also the fat plasma mode proved to be very 

difficult to produce, if at all. Windings of 4 to five 

turns produced stable, easily ignited plasmas. Narrow 

windings (1 mm) were preferable to wide windings (3 mm) 

because of space limitations around the photoionization 

region of the lamp. Either width of winding seemed to 

produce a reasonably stable fat plasma mode. A trial was 

made with 6 and 7 windings with the lamp not mounted on the 

mass spectrometer. The plasma produced under these 
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conditions was very similar to that produced with 4-5 

turns. Because load coils with more than 5 turns began to 

become space limited, it was decided that 5 turns was the 

optimal number of windings around the lamp body. 

Emission intensity enhancement of the fat plasma 

Because of the noticeable gain in emission intensity 

when the discharge was operated in the fat plasma mode, it 

was originally believed that this mode would provide 

greater ion signal intensity as well. In order to measure 

the improvement in signal intensity the lamp was attached 

to the GOW-MAC gas chromatograph in the manner shown in 

Chapter 3. Three different sized injections were made and 

the photoionization current recorded for each of the plasma 

mo~es. Injections of 1, 0.5, and 0.1 ~l of benzene were 

used. The peak areas of the ion currents were measured and 

given in Table 4.2. Surprisingly the data does not 

indicate that there is a significant increase in 

photoionization signal for the fat plasma mode of 

operation. Identical injection of sample gave similar 

signal responses, even though visually it would appear that 

the fat plasma is more intense than the normal plasma mode. 
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Table 4.2 Plasma Mode Ionization Efficiency Comparison 

Amount Injected 
(in ",g) 

350 

17.6 

0.880 

Peak Area 1 
(Normal mode) 

(in cm2) 

206 

4.58 

0.315 

Peak Area 2 
(Fat Mode) 
(in cm2) 

211 

4.44 

0.328 

Ratio 
(P1/P2) 

1.02 

0.969 

1.04 
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Upon closer examination of the experimental conditions, 

and particularly the plasma itself, a possible explanation 

may have been found. The location of the plasma within the 

lamp in normal plasma mode is easily influenced by grounded 

metal object in the immediate location of the lamp body. 

This is particularly true if the object is on one or the 

other ends of the lamp. The effect tends to be to draw 

plasma emission density away from the photoionization 

region. In the configuration used for the ionization 

efficiency study the electron collecting electrode was 

inserted into one end of the lamp, while the metal 

picoammeter pickup was inserted into the other end. Both 

electrodes were positioned just outside of the magnesium 

fluoride tubing, which placed the electrodes well within 

the interior of tha lamp. These electrodes appear to have 

aided in positioning the plasma about the magnesium 

fluoride tubing. Therefore, while the normal plasma mode 

discharge may still be more dispersed than that of the fat 

plasma, it may well be that the stabilizing effects of the 

opposed electrodes directs relatively the same number of 

photons into the ionization region of the lamp. 

A second possible explanation uses the above argument 

and also considers that the observed drop in the peak to 

peak voltage measured on the load coil when the lamp was 
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operating in fat plasma mode points to a possible shift in 

power deposition efficiency within the plasma. This change 

in deposition would alter the energy transfer into the 

plasma and would effect the total photon flux of the 

plasma. The shift to smaller peak to peak voltage may 

indicates a smaller amount of power transferred into the 

plasma, and a lower overall photon flux. This lowered 

photon flux may be in part compensated for by the 

localization of the plasma discharge. The end result may 

be that the seemingly equivalent ionization signals for the 

two modes is only a coincidence. 

In any event, the fat plasma mode is superior in its 

resistance to distortions caused by the nearby objects. 

This suggests that the fat plasma mode is still the mode of 

choice in that this plasma would be a more reproducible 

source from day to day. Unfortunately, when the lamp was 

mounted on the mass spectrometer the proximity to the large 

metal end flange of the vacuum system made obtaining the 

fat plasma mode very difficult. The large amount of metal 

around the lamp defocussed the spark from the striker, and 

would not allow the plasma to collapse under the load coil. 

An attempt was made to construct a set of mounting flanges 

out of nylon, but this proved unsuccessful. Some lessening 

of distortion to the plasma was achieved by making the 
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flange directly surrounding the lamp body out of nylon. 

Most of the data presented in Chapter 5 was obtained under 

conditions of the normal emission mode. However, base on 

the data obtained from the general lamp studies, and the 

fact that the mass spectrometer source arrangement also 

used opposed metal electrodes within the lamp, it is felt 

that this did not result in a significant loss in 

sensitivity. 
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CHAPTER 5 

MASS SPECTROMETRIC DATA 

General Comments 

All of the mass spectra presented in this chapter have 

units of mass along the x axis, and the detector response 

as measured in analog to digital units (ADU's) along the y 

axis. Unless otherwise noted, each spectrum represents 

data obtainable from a 0.1-0.4 ~L direct injection of the 

pure compound or mixture into the inlet which was initially 

around 10 mtorr pressure. In all cases involving either 

pure compounds or simple mixtures the compounds are of 

reagent grade purity. The gasoline samples were obtained 

fresh and stored in tightly sealed PVC plastic bottles 

until analyzed. The spectra presented here were generally 

obtained by the summation of 5 to 36 scans, which improved 

the signal to noise ratio of the data set. The resolution 

of the spectrometer was normally set to near unit mass 

resolution across the mass range that was scanned. The 

spectra were obtained using an unheated sample inlet, with 

the exception of the heated inlet gasoline study. The 

limitations of the sample inlet resulted in the requirement 
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that all samples used in the following studies have a 

reasonable vapor pressure at 50 mtorr. In future versions 

of the lamp, the ability to heat the inlet above 60°C will 

allow a wider range of samples to be studied. Data on the 

various operational modes of the krypton source will now be 

discussed as well as applications of the iamp to the 

analysis of simple and complex mixtures. 

Operational Modes of the Krypton Source 

The voltage on the electron collecting plate was found 

to be the key operational parameter for establishing the 

various modes of operation associated with the krypton 

source. When the electron collecting plate bias was set to 

either a positive 36 or 45 volts during the data 

collection, conditions within the lamp favored the 

production of spectra consisting of almost entirely signal 

from molecular ions. A voltage setting of 36 volts was 

determined to be the lowest voltage setting that produced 

acceptable results. Apparently lower voltage settings do 

not sufficiently attra9t the photogene rated electrons and 

recombination losses severely diminish the ion signal. 

When the plate voltage is properly set, the lamp produces 
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ion beam currents on the order of 10-12 to 10-14 amps. 

Electron collecting plate voltages greater than 90 volts 

usually resulted in variable fragmentation of the molecular 

ion. The amount of fragmentation could be directly 

controlled by plate voltage. 

The position of the electron collecting plate relative 

to the photoionization region was also varied to estimate 

the effect of position of the plate on the performance of 

the source. Experimentally it was determined that 

positioning the plate within 1 mm of the end of the 

photoionization region, but not inside, resulted in 

reproducible control of molecular ion fragmentation using 

the already described voltage ranges. 

The effect of varying the voltage applied to the ion 

tube proved not to be as critical. Experiments with 

varying the voltage applied to the ion tube while holding 

the electron collecting plate voltage constant showed that 

the major effect of voltage on the ion tube had to do with 

the ion extraction efficiency rather than the control of 

fragmentation. In genernl, voltages of between negative 50 

to 250 volts produced the optimum ion signal. The actual 

setting of the voltage had to be optimized periodically to 

maintain the best results. 
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A study was also done un the optimal length of the ion 

tube. A short, (10 mm), a medium, (12 mm), and a long, (14 

mm), tube were alternately placed within the lamp and the 

system operated in normal molecular ion mode. Sample was 

injected and the voltage on each tube was adjusted for the 

optimal ion signal. The results from these experiments 

point to the optimal tubing length being that of the 

distance from the end of the photoionization region to 

flush with the end of the lamp which is about 12 mm. 

Photoionization: Molecular ion mode 

The spectra presented in Figures 5.1a-c, and 5.2a-c 

demonstrate the ability of the krypton discharge lamp 

source to create photoionization conditions which result in 

the formation of either parent molecular ions only (Figure 

5.1a-c) or a high yield ( > 90% of the total ion signal) of 

the parent molecular ion and a much smaller yield of a very 

stable fragment ion (Figure 5.2a-c). This ability will be 

shown to be very useful in simplifying overlapping mass 

spectra, even with direct introduction of a sample 

containing several compounds. Each spectrum was obtained 

by direct injection of 0.1 to 0.2 ~l of pure compound into 
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Figure S.2a Acetone Molecular Ion 
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the sample inlet with the electron plate voltage set to 36 

volts.---Tlte small peak appearing in Figure 5.1b at mass 28 

is not due to fragmentation of the toluene molecular ion. 

This peak and its significance is discussed in the section 

on Lamp Electron Impact Mass Calibration Spectra. 

Several different classes of compounds were injected 

into the source to determine the range of suitable sample 

molecules. The results indicate that several compound 

types yield excellent to good results, while others produce 

significantly inferior results with respect to the 

production of only parent molecular ions. From these 

studies it was determined that sample molecules which 

contain either aromatic structures such as benzene rings or 

multiple bonds were the best candidates for producing only 

parent molecular ions. Compounds observed to have poor 

response to molecular ion conditions were in general small 

molecular weight aliphatic hydrocarbons, and alcohols. 

Other factors that influenced the amounts of observed 

fragmentation were sample vapor pressure within the 

ionization volume of the lamp and the magnitude of 

difference in energy between the lamp photons and the first 

IP of the sample molecules. These effects will be 

discussed later in the section on Vapor Pressure Effects on 

Lamp Performance. 
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Lamp Electron Impact (LEI) Mass Calibration spectra 

Early on in the studies several ion peaks were observed 

at the detector, even though no sample had been introduced. 

The spectra were recorded, and the ion masses measured. 

Peaks were discovered at mass 14, 16, 18, '28, 32, and 40. 

These masses correspond to ion masses normally associated 

with 70 eV EI spectra of residual gasses in the vacuum 

chamber that are collected in order to calibrate the mass 

axis. These peaks were of great interest for the following 

reason. The magnesium tubing within the lamp has a 

transmission cuttoff of 110 nm, or 11.3 eVe The first IP's 

of nitrogen and argon are greater than 15 eVe It is 

therefore not possible for the lamp to directly photoionize 

nitrogen and argon. However, as Figure 5.3a clearly shows, 

the ion signals were clearly observable. After some 

investigation, the origin of these peaks became clear. The 

first ionization potential of most metals in the range of 

4-8 eVe The electron collecting plate was positioned just 

outside of the photoionization region, where on occasion a 

VUV photons strikes the metal surface and generates a free 

electron. These electrons then gain sufficient energy to 

ionize any residual background gas molecule which is close 

to the metal surface. A heated filament electron impact 
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spectrum of the residual background gasses generated using 

the Swingler EI source is given in Figure S.3b for 

comparison. The major observable difference between the 

two spectra is the difference in mass 18, 32, and 40 peak 

intensities. A small air leak between the lamp body and 

the sample tube was found, and is the reason for the 

differences in peak intensities. The lamp was actually 

sampling air from the room, while the electron impact 

source is sampling mainly residual background gas from 

within the vacuum chamber. However, even though there is a 

difference in peak intensities, the observed masses are the 

same in both cases, and mass calibration is possible using 

either set of data. 

The ability of the lamp to provide dependable internal 

reference peaks for calibration purposes at the start of an 

analysis is very desireable, and makes it unnecessary to 

maintain an electron impact source external to the lamp or 

to inject reference compounds into the lamp to act as mass 

markers. An external EI source might still be desireable 

in the case where calibration at either high mass, or over 

an extended mass range using a perfluorinated mass 

standard. However, without the need to spatially allow for 

the external source, the quadrupole ion injection electrode 
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assembly could be optimized for ions exiting the lamp and 

thereby increase the sensitivity for the PI source. 

Problems can sometimes arise from the presence of the 

residual gas background spectrum particularly when the 

amount of sample is small compared to the amount of air 

either injected or leaking into the lamp. If the amount of 

sample is small compared to that of the air injected, then 

the air peaks will tend to dominate the spectrum on the low 

mass end of the scan. One way to avoid this is to begin 

the scan above 40 amu, which is acceptable, but throws away 

all information below this mass. A better solution is to 

remove the air peaks making the lamp seals vacuum tight, 

and being careful not to inject excess air into the inlet 

with the sample. The toluene spectrum in Figure5.1b shows 

a small ion signal at mass 28. This peak arose from a 

small amount of air which was injected with the sample. 

The spectrum presented in the summation of 16 scans. The 

nitrogen signal was present in only the first few scans, 

and very quickly fell below the detection limit, but not 

before accumulating a large enough signal to be observed. 

Care needs to be taken when analyzing spectra that show 

small peaks at masses which correspond to air peaks. 

Examination of the various lamp seals has determined 

that the seal between the sample inlet and the lamp is 
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usually the source for any air leaks encountered. Self 

vulcanizing silicone sealant has been found to be a good 

way to make the lamp to inlet seal airtight. The silicone 

sealant also has the advantage of being easily removed and 

reapplied during normal maintenance of the lamp and inlet 

system. 

Photoionization: Fragmentation Mode 

One very interesting use was found for the electrons 

that are generated during the photoionization of sample 

molecules. Normally these electrons need to be collected 

so that recombination losses do not effect the sensitivity 

of the source. However, it was discovered that by raising 

the electron collecting plate voltage higher than was 

necessary to simply collect the free electrons, it was 

possible to actually produce conditions resembling normal 

electron impact ionization. Figure 5.4a-c through Figure 

5.8a-c should give an idea of the range of photoionization 

conditions available with this lamp. A 70 eV EI spectrum 

of each compound is also included. The ability of the 

source to produce fragmentation by varying the electron 

plate voltage has been termed Lamp Electron Impact (LEI) 
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.- Fiqure S.4aoLEI Benzene Spectra Plate at 36 Volts 
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Figure 5.5a LEI Benzene Spectrum Plate at 135 Volts 
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Figure 5.6a LEI Pyridine Spectra Plate 36 volts 
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Figure 5.7a LEI Pyridine Spectra Plate at 190 Volts 
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Figure 5.8a LEI Toluene Spectra: Plate at 45 Volts 
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Figure 5.9a . LEI Toluene spectrum: Plate at 135 Volts 
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ionization to distinguish it from heated filament electron 

impact ionization sources. A useful application for this 

type of effect is to vary the plate voltage between scans 

so that the source conditions vary between those favoring 

molecular ion formation and those favoring fragmentation. 

The two spectral data sets could be collec'ted and stored 

into individual arrays under computer control~ and thus 

both sets of data could be available during a single 

analysis. The molecular ion spectrum would be best used 

for quantitation, while the fragmentation spectrum would be 

best used for qualitative analysis to verify identity of 

the compound(s). In the section on analysis of simple 

mixtures, Figures 5.22a and 5.22b illustrate a possible 

situation that involves the use of both modes to produce 

additional mass information during a single analysis. 

Experimentally it was determined that voltage settings 

between 36-45 volts would produce molecular ion conditions, 

while voltages of 90-190 volts were sufficient to achieve 

fragmentation spectra which are similar to standard 70 eV 

EI sources. Sample vapor pressure also effects the 

available fragmentation, and the dual effects of plate 

voltage and source vapor pressure are discussed in the next 

section. 
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Effects of Source Vapor on Fragmentation Patterns 

Beside the voltage on the electron collecting plate, 

another factor that had a great effect on the amount of 

fragmentation observed within the sample spectra was the 

relative sample vapor pressure within the ionization region 

of the lamp. Normally mass spectrometer ionization sources 

are operated at pressures which are sufficiently low enough 

to effectively isolate the sample molecules and limit their 

gas phase interactions. The obvious exception to this 

statement is a chemical ionization source. In the case of 

the lamp inlet used in this study, the injection of sample 

into the inlet resulted initially in a large pressure spike 

entering the photoionization region of the lamp. The 

pressure spike probably rose to a maximum of about 5 x 10-4 

torr within the ionization volume of the lamp. As the ions 

proceeded out of the lamp, this pressure then fell off 

rapidly to the base pressure of the ion source which was 

around 5 x iO -6 torr. Several spectra sets are given 

which show sequential data sets taken with the voltage 

applied to the ion tube and electron plate set for 

molecular ion conditions and held constant. This data 

indicates that initially the vapor pressure within the lamp 

is sufficiently great enough for extensive fragmentation 
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Figure 5.10a sequential Benzene Spectrum fl. 
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.F!~re 5 .lla Sequential Diethyl Ether Spectrum #1 
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Fiqu~e 5.12a Sequential MEK Spectrum _1 
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Figure 5.13a SEQUENTIAL MEK SPECTRUM '4 
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Figure 5.l4a Sequential Cyclooexene Spectrum #1 
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Figure S.lSa Sequential Ethanol Spectrum #1: 36 Volts 
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Figure 5.16a Sequential Ethanol Spectrum #1: 45 Volts 
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Figure 5.17a Sequential Ethanol Spectrum #1: 90 Volts 
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Figure 5.1Sa Sequential Acetone Spectrum #1: 45 Volts 
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Figure S.19a Sequential Acetone spectrum '1: 90 Volts 
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Figure S.21a Sequential Diethyl Amine Spectrum #4 
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Figure S.20a Sequential Diethyl Amine Spectrum #1 
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of the molecular ions to take place. Benzene, (Figure 

S.lOa-c), as well as diethyl ether (Figure S.lla-c) were 

examples of compounds for which extensive fragmentation due 

to nigh sample pressure was not observed. In the cases 

where extensive fragmentation was observed, such as with 

methyl ethyl ketone (Figures S.12a-c and Figure S.13a-c), 

or cyclohexene (Figure S.14a-c) gas phase ion molecule 

interactions produce significant fragmentation even though 

the electron plate voltage is set to a value that normally 

would not promote significant fragmentation. Whether the 

fragmentation is due entirely to gas phase ion molecule 

interaction, specifically proton and charge transfer 

reactions, or a combination of the above and an increase in 

the amount of LEI character in the spectra has not yet been 

extensively studied, although the latter is more probable. 

The data also indicates that as the vapor pressure 

within the lamp decreases, so does the degree of observed 

fragmentation. For many sample compounds the fragmentation 

decrease until normal molecular ion mode conditions 

prevail. Compounds such as cyclohexene and acetone take up 

to 30 to 60 seconds to establish normal molecular ion 

conditions. Compounds such as ethanol (Figures S.lSa-c 

through S.17a-c) have not been observed to drop to a low 

enough vapor pressure to eliminate extensive ion molecule 
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interaction and still give a detectable siqnal. The peak 

at mass 43 is due to a small amount of MEK contamination. 

A study was done on the net effect of electron plate 

voltage and the observed effects on fragmentation under 

conditions of high vapor pressure within the lamp. This 

study involved ethanol (Figures 5.15a-c through 5.17a-c) at 

plate voltages of 36, 45 and 90 volts and acetone (Figures 

5.lSa-c and 5.l9a-c) at plate voltages of 45 and 90 volts. 

The data indicates that a particular plate voltage would 

produce more extensive fragmentation at elevated pressures, 

or would r~quire lowered sample vapor pressure to operate 

in molecular ion mode than was observed at lower source 

vapor pressure conditions. 

A third effect is see in the data set for diethyl amine 

(Figures 5.20a-c and 5.2la-c). This data shows an early 

trend toward the establil'»hmt!i'lt of molecular ion conditions, 

but the progress halts at a point where the base peak is 

yet the molecular ion minus a methyl fragment. This effect 

is not associated with high vapor pressure, but with excess 

ionization energy. Diethyl amine has a first IP of s.o eVe 

The krypton photons produce molecular ions which have 

enough excess energy for fragmentation to occur. This data 

indicates that the krypton lamp would not be the source of 

choice for the analysis of secondary and tertiary amines. 
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The better choice would be a coaxial xenon lamp, which has 

less energetic photons. 

Overall these studies indicate that in order to operate 

the lamp in the molecular ion mode, it would be best to 

limit source vapor pressure as well as the voltage on the 

electron collecting plate. Although operating the lamp at 

atmospheric pressure was not attempted, there may be an 

upper source pressure limit above which ionization for a 

variety of directly injected sample molecules becomes 

impossible due to the extent of fragmentation present. One 

general way to limit the sample pressure within the lamp is 

to keep the molecular leak at 50 ~M or less and allow for a 

means to evacuate the high pressure side of the sample 

inlet, as was done in this study. The size of the leak 

does set the overall limit for the response speed of the 

system, and may become a problem if the source is used as 

part of a GC/MS detector. A larger opening for the 

molecular leak allows for faster response times, but would 

also require a larger rough pump to keep the pressure 

inside the mass spectrometer analyzer chamber from becoming 

to high and damaging the detector. 
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Mixture analysis Using the Molecular Ion Mode 

The overall goal of the molecular ion mode of operation 

is to achieve spectra that are essentially one mass signal 

for each of the components in the sample. The following 

data sets demonstrate that this situation 'was obtained for 

several synthetic and real sample mixtures. 

Binary Mixtures 

A number of simple mixtures were prepared to determine 

the range of samples that could be successfully co-injected 

into the source. The first mixtures to be tried were 

binary mixtures. In the example given below, the use of 

alternating electron collecting plate voltage in order to 

collect complimetary data sets is shown. 

In Figure 5.22a and b, a 95:5 v/v pyridine and acetone 

mixture was injected. In Figure 5.22a the plate voltage 

was set at 45 volts, in order to produce conditions 

favoring the formation of molecular ions. The mass 

spectrum obtained is typical of expected real sample data, 

in that the spectrum contains what appears to be a parent 

molecular ion, and either a simple fragment ion or another 

molecular ion from a trace component. 
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One way to investigate the nature of such information is 

demonstrated in Figure 5.22b. In this data set the voltage 

on the electron collecting plate was raised to 90 volts so 

that additional fragmentation could take place. Peaks 

appearing around 50 to 54, at 39, and below 30 amu 

correspond to known fragment peaks for pyridine. The mass 

peaks at 58 and now 43 amu do not, but these two peaks do 

correspond well to the parent and most stable fragment of 

acetone. Therefore, the combination of the two data sets 

can be used to deduce that the sample contains pyridine and 

a trace of acetone. 

Further such fragment ion analysis could be made 

available if a second quadrupole analyzer were added to the 

system so that the parent ions could be passed on to the 

second quad, where they could be subjected to additional 

mild or harsh fragmentation conditions. This method would 

be particularly useful if co-eluting compounds of identical 

parent mass were encountered. 
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Analysis of Complex Mixtures 

While the ability to deal with coelution from a 

chromatographic inlet is a desireable function of the lamp 

source, the true goal of this ionization source is the 

ability to handle samples on a direct injection basis, 

requiring little to no additional sample preparation prior 

to analysis. The next set of data presented shows that it 

is possible for mixtures containing several sample 

compounds to be directly injected into the source. Mixture 

516 was composed of acetone, methyl ethyl ketone, methyl 

isobutyl ketone, cyclopentane, benzene, and toluene, at 

concentrations of ~O.5-2 ~g. The actual concentrations are 

given in Table 5.1. These compounds were chosen for 

several reasons. The three main reasons being that each 

had sufficient vapor pressure for use with the unheated 

inlet, each demonstrated a reasonably stable response to 

the molecular ion mode of operation, and the parent 

molecular masses were at least 1 amu different from each 

other. The results have been presented in Table 5.1 and 

Figure 5.23a-c. From the spectra it is obvious that the 

first several scans show that the source vapor pressure is 

not optimal for the molecular ion mode of operation. 

However, if several scans are allowed to pass, and then an 
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Table 5.1 Component analysis in mix 516 

component name Amount Injected 
and mass (in ~q) 

Acetone 2.2 
(58) 

Methyl Ethyl Ketone 2.3 
(72) 

Benzene 0.5 
(78) 

Cyclohexene 2.3 
(82) 

Toluene 1.2 
(92) 

Methyl Isobutyl 2.2 
Ketone (100) 

baseline corrected 
peak area (in ADUs) 

989,024 

312,194 

124,.063 

115,835 

56,761 

20,608 
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Figure 5.24a Mix 517 Neat Mixture 
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Table 5.2 Component Analysis of Mixture 517 

Compound Peak Area Amount Injected Rel. Response 
Name (Mass) (in ADUs) (in IJCJ) (vs. benzene) 

MEK 330,327 3.2 0.37 
(72) 

Benzene 235,032 0.9 1.00 
(78) 

Pyridine 119,951 0.8 0.58 
(79) 

Cyclohexene 106,155 1.6 0.27 
(82) 

Toluene 124,085 1.7 0.33 
(92) 

MIBK 99,290 3.2 0.15 
(100) 
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additional data set is taken, the source pressure was found 

to have quickly drop enough for molecular ion mode 

conditions to prevail, and most of the observed peaks 

correspond to only the molecular ions of the sample 

compounds. Close inspection of the data does indicate that 

not all of the peaks correspond to parent 'ions, for 

instance the peak at mass 43 is due to fragmentation of one 

or more of the ketones, but still the mass spectral data is 

relatively easy to interpret. 

The next experiment to be preformed is presented as Mix 

517 in Figure 5.24a-c. Figure 5.24a represents a 0.2 ~l 

injection of a neat mixture containing pyridine, toluene, 

methyl isobutyl ketone, methyl ethyl ketone, cyclohexene, 

and benzene, in quantities of ~1 to 3 ~g each. Table 5.2 

lists the actual concentrations of each component as well 

as the detector response for each. As with Mix 516, once 

molecular ion conditions have been established, the 

spectrum shows mainly molecular ion peaks corresponding to 

the components of the mix. Figure 5.24b shows the original 

sample with a spike of 50 parts each of ethanol, methanol, 

pentane, and chloroform. The purpose of this experiment 

was to investigate the effects of high concentrations of 

potential solvents on the quality of the spectral data. Of 

the four solvent molecules used, pentane and ethanol were 
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expected to be photoionized by the lamp, while methanol and 

chloroform have IP's greater than the enerqy of the lamp 

photons and were not expected to be directly 

photoionizable. The initial scans of the mixture with the 

solvents added show that high source vapor pressure 

conditions were present at the beginning of the analysis. 

Close observation of the spectrum to see if there is 

evidence of electron impact ionization of these molecules 

reveals that the two compounds are not present in the 

spectrum. However, as with Mix 516, after a relatively 

short waiting period, the more volatile solvents pass out 

of the sample inlet, and through the source. By collecting 

and examining both spectral data sets, this effect allows 

several of the peaks below mass 58 to be identified as 

either solvent peaks or fragment peaks from the other 

sample components. 

A final experiment was run that involved an 8 component 

mix. The data collected from this experiment clearly 

indicates that under favorable circumstances and molecular 

ion mode, this particular ionization source can handle 

significant co-elution problems. The system is also quite 

capable of handling direct sample introduction of 

moderately complicated mixtures as well, without the need 

for any chromatographic separation prior to quantitation. 
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Figure 5.25a 8 Component Mix 0.1 ~l Injection 
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Table 5.3 Component Analysis For 8 Compound Mix 

Compound Peak Area Amount Injected Rel. Response 
Name (Mass) (in ADUs) (in "'9) (vs benzene) 

Acetone 720,821 9.1 0.36 
(58) 

MEK 1,322,645 15.5 0.48 
(72) 

Diethyl 358,253 13.7 0.15 
Ether (74) 

Benzene 1,116,833 6.8 1.00 
(78) 

Cyclohexene 919,625 15.6 0.38 
(82) 

Toluene 1,288,498 6.7 1.38 
(92) 

MIBK 495,974 9.2 0.42 
(100) 

Benzaldehyde 500,322 4.0 1.04 
(106) 
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The need for the sample components to be separated by 1 

to 2 amu is particular only to the mass spectrometer that 

was used in this study. If the lamp was attached to a high 

resolution quadrupole ion trap or FT-MS system, then even 

sample compounds having nominally the same molecular ion 

masses could be analyzed without difficulty. 

Mass Spectrometric Sensitivity and Limits of Detection 

The data collected with the analysis of the 8 component 

mixture was used to establish rough estimates of 

sensitivity and limits of detection for a number of the 

compounds that were used in the simple mixture experiments. 

The results appear in Table 5.4. The data indicates that 

this ionization source shows a definitely better response 

from aromatic compounds on a mole per mole basis than other 

compounds types. While the limits of detection presented 

are not as low as is available with other ion sources, the 

sensitivity of the lamp in its current form is still quite 

useful for many routine sample analysis. 



Table 5.4 Limits of Detection (LOD) 

Name of compound Limit of Detection 
( in ng ) 

Acetone 56 

cyclohexene 66 

Methyl Ethyl Ketone 

Diethyl Ether 

Benzene 

52 

200 

25 

159 
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Application to Complex Mixture Analysis: Gasoline Analysis 

Based on the .earlier success with simple mixtures, the 

next set of samples that were looked at were complex 

mixtures, namely gasoline samples. Table 5.5 shows a list 

of some of the major sample components that were expected 

to be present in any gasoline sample. This list is not an 

attempt to be a comprehensive listing of the expected 

sample components, as a normal gasoline sample contains 

over 150 individual sample components. The purpose of this 

list is to serve as a guide for the following explanation 

of the reasons for the observed selective responses 

observed with the gasoline analysis. 

There are two different factors at work in the 

ionization volume of the lamp that result in the 

selectivity for aromatic compounds observed in the gasoline 

data sets. The first factor has to do with relative 

absorption cross sections. The aromatic portion of the 

sample better absorbs the VUV radiation from the lamp. 

While actual measurements of relative absorptivities were 

not made, a series of relative response data was take using 

binary mixtures of various aromatic and aliphatic 

hydrocarbons, as well as data from the synthetic 6 and 8 

component mixes showed that the relative response factor 
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varied from 2 to about 10 times in favor of the aromatic 

compounds. The othar enhancing factor has to do with 

charge transfer in the gas phase. In general the first IP 

for the aliphatics in the gasoline sample were around 10 

eVe The olefinic portion has IPs around ~.5 eV, and the 

aromatics cover the range of 8-9.2. Charge transfer occurs 

between a an ion and a neutral when the ion has a higher IP 

than the neutral. Therefore, if an aliphatic molecules 

does become ionized, and strikes a neutral of lower IP 

before reaching the detector, it is very possible that 

charge transfer will result in the aliphatic becoming 

neutralized, and the other molecule reaching the detector. 

This cascade effect can result in a strong bias toward the 

fraction of the sample which has the lowest available IP, 

if the sample molecules are not extracted out of the ion 

source rapidly and passed on to the detector. The presence 

of the electron collecting plate and the ion tube did serve 

to extract ions out of the source before extensive 

cascading could be encountered. Because of these two 

effects, the lamp serves as a selective detector for the 

aromatic portion of the gas sample. Response to the 

olefinic portion is not as good, but still better than the 

response to the 3liphatic portion. Of the aliphatic 

portion, the major ion signals seen correspond to highly 



stable fragments such as t-butyl groups, formed by 

rearrangements in the gas phase. 
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The first analysis was carried out on a sample of 

generic regular gasoline that was taken out of the gas tank 

of a graduate student's motorcycle. Due to age and mixing, 

all that could be said about the nature of. this sample was 

that it is a generic regular gasoline mixture. A rough 

quantitation of the benzene, toluene, and xylenes in the 

gas sample was conducted. The results appear in Figure 

5.26a-b, 5.27a-b and Table 5.6 

A study was conducted to examine the quality of the 

mass spectra obtainable with only a limited number of 

scans. Figure 5.27a-b represent the data obtainable using 

only two and three summed scans respectively. The time 

required for the 2 summed scans was on the order of 6 

seconds, while the 3 summed scan run required almost 10 

seconds. These rapidly acquired spectra demonstrate that 

the lamp ionization source is capable of not only handling 

samples containing several components, but could also 

handle most cases of coelution and rapid analysis times 

that coupling the lamp to a gas chromatographic inlet would 

require. 

Gas chromatographic analysis of this gasoline sample 
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Table 5.5 Hydrocarbon Compounds in Gasoline 

Compound Formula 

Olefins 

Fragment Ions 

Molecular Weight 

70 
86 

100 
114 
120 
142 

70 
84 
98 

122 

78 
92 

106 
120 
128 
134 

27 
29 
29 
39 
41 
43 
56 
57 
73 

1st IP 

~10 eV 

~9.8 to 9.2 eV 

~9.2 to 8 eV 
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Table 5.6 Generic Regular Gas Component Quantitation 

Compound 
Name 

Benzene 

Toluene 

Xylenes 

Peak Area 
wjo Spike 

129758 

576182 

703515 

Peak Area 
wj Spike 

502038 

1025114 

1027470 

Estimated 
Concentration 

2.3 

8.5 

14.5 

165 
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was also undertaken using the lamp as the photoionization 

GC detector. This set of data appears in Figure 6.2 of 

Chapter 6. Because the relative areas corresponding to the 

benzer.e, toluene and xylene portion roughly correspond, as 

shown in Table 6.5, this data indicates that the sample 

molecules were indeed being removed from the lamp 

photoionization region quickly enough to avoid the cascade 

effect significantly biasing the ion signal towards the 

more substituted benzene derivatives. 

Another set of gas samples, this time three related gas 

samples, was also analyzed. samples of regular, unleaded, 

and super unleaded gasoline were examined to see if it was 

possible to directly determine differences in the gasoline 

composition using the photoionization source. The first 

set of data for the experiments appears in Figure 5.28a-c. 

In this case the sample inlet was maintained at around 

25°C. Each of the spectra represents the summation of 25 

individual scans. Figure 5.29a-c represents the same 

gasoline samples and other conditions with the exception 

that the sample inlet temperature was raise to 40°C. The 

response for each identified component in the three gas 

samples was determined and the results appear in Table 5.7 

through 5.9. The major result of raising the inlet 

temperature was observed to be that the overall signal 
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intensities for all of the peaks increased, which allowed 

for better siqnal to noise in the spectra. It is possible 

that with an inlet capable of temperature of 100°C or 

better additional benzene derivatives of mass hiqher than 

134 amu could be detected. 

As was expected, the mass spectra for each qasoline 

sample show sliqht to major variations in the composition 

of each sample. The peak quantitation data for the three 

samples is qiven in Fiqure 5.10. For instance, the 

unleaded qasolines show a fragment peak at mass 73, which 

corresponds to the M-15 peak of methyl t-butyl ether, which 

is a common oxygenated unleaded gasoline additive. Also 

evident between the unleaded samples is a variation in the 

light hydrocarbon components, which accounts for the 

variation in octane ratings. The qasolines each are fairly 

similar with regards to the components at mass 100 and 

higher. Fiqure 5.30a-c shows the three qas sample with the 

baseline region expanded to better demonstrate some of the 

variations in composition that were observed. 

Althouqh other samples of hydrocarbon mixtures such as 

fuel oil, kerosene, liqhter fluid, ect were not examined, 

mainly due to the temperature limitations of the lamp, it 

is felt that any of these samples would yield data of equal 

quality to that obtaijled for the qasoline samples. 
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Figure S.29a Exxon Regular Heated Sample Inlet 
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Figure 5.30a Exxon Regular: Expanded Baseline 
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Table 5.7 Exxon Regular Gas Component Quantitation 

Name Peak Area % Base Peak % Total Ion 
Peak mass in ADU's Area 

Fragments 240,902 23.4 8.0 
(55-57) 

Cyclopentane 180,213 17.5 6.0 
(70) 

Fragment 2,950 0.3 0.1 
(73) 

Benzene 86,363 8.4 2.9 
(78) 

C6 H'2 59,468 5.8 2.0 
(84) 

Toluene 573,444 55.8 19.1 
(91-92) 

C7 H'4 41,632 4.0 1.4 
(98) 

Xylenes 1,028,142 100 34.3 
(106) 

C9 H,~ 632,085 61.5 21.1 
(120 

C9 H2O 
(128) 

23,295 2.2 0.1 

C'O H'4 130,503 12.7 4.4 
(134) 
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Table 5.8 Exxon Unleaded Gas Component Quantitation 

Name Peak Area % Base Peak % Total Ion 
Peak mass in ADU's Area 

Fragments 206,913 20.8 6.5 
(55-56) 

Cyclopentane 178,649 17.9 5.6 
(70) 

Fragment 75,027 7.5 2.4 
(73) 

Benzene 107,814 10.8 3.4 
(78) 

Cs H12 79,426 8.0 2.5 
(84) 

Toluene 718,722 72.1 22.6 
(91 & 92) 

C7 H14 31,860 3.2 1.0 
(98) 

Xylenes 996,822 100 31.4 
(106) 

Cg H12 619,227 62.1 19.5 
(120) 

Cg H 2O 27,242 2.7 0.9 
(128) 

C10 H14 137,001 13.7 4.3 
(134) 
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Table 5.9 Exxon Super Unleaded Gas component Quantitation 

Name Peak Area % Base Peak % Total Ion 
(Peak mass) in ADU's Area 

Fragments 289,747 30.7 9.1 
(55-57) 

cyclopentane 266,418 28.2 8.4 
(70) 

Fragment 151,816 16.0 4.8 
(73) 

Benzene 60,834 6.4 1.9 
(78) 

Cs H12 65,225 6.9 2.1 
(84) 

Toluene 527,619 55.8 16.6 
(91 & 92) 

C, H14 55,706 5.9 1.8 
(98) 

Xylenes 944,990 100 29.7 
(106) 

Cg H12 626,897 66.3 19.7 
(120) 

Cg H 2O 41,605 4.4 1.8 
(128) 

C10 H14 146,371 15.5 4.6 
(134) 
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Table 5.10 Gasoline Peak Area (% Base Peak) Comparison 

Name Regular Unleaded Super 
(Peak Mass) Unleaded 

Fragments 23.4 20.8 30.7 
(55-57) 

cyclopentane 17.5 17.9 28.2 
(70) 

Fragment 0.3 7.5 16.0 
(73) 

Benzene 8.4 10.8 6.4 
(78) 

C6 H12 5.8 8.0 6.9 
(84) 

Toluene 55.8 72.1 55.8 
(91-92) 

C7 H14 4.0 3.2 5.9 
(98) 

Xylenes 100 100 100 
(106) 

Cg H12 61.5 62.1 66.3 
(120) 

Cg H 2O 2.2 2.7 4.4 
(128) 

C10 H14 12.7 13.7 15.5 
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CHAPTER 6 

GAS CHROMATOGRAPHIC DATA 

General 

Several studies were carried out using simple mixtures 

to evaluate the performance of the lamp as a 

photoionization gas chromatographic detector (PID). A 

thermoconductivity detector (TCD) was also used to generate 

data for comparison of the relative response of the lamp to 

different compounds. Linearity and limits of detection for 

a number of compounds were determined and presented in 

Table 6.3. The lamp overall was found to perform similarly 

to several commercial photoionization detectors , even 

though the coaxial lamp was not optimized for this 

application. 

Gas chromatographic analysis of a simple mixture 

While it is acknowledged that the TCD is not as 

sensitive as the flame ionization detector, the TCD is a 

nondestructive general purpose detector that allowed the 
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lamp to be positioned on the outlet of the TCD so that data 

could be collected almost simultaneously from both 

detectors using the same sample. Two mixtures of 

isooctane, acetone, ethyl acetate, benzene, toluene, and 

xylenes were prepared. The mixture intended to evaluate 

the TC detector response was a made up using 10 ~l 

quantities of each compound. The PI mixture was first made 

up of equal volume portions and then the mixture was 

diluted 1:1000 in pentane. The column, injector, TCD, and 

PID operational conditions are given in Table 6.1. 

Three chromatograms are given which illustrate the 

differences between PID response and the more general TCD 

response. Note the detector responses are not normalized 

to each other. Figure 6.1a and c show the chromatograms 

obtained for each detector using a test mixture designed to 

give a good signal for that detector. Figure 6.1b shows 

the response of the TCD to the PID test mixture. The 

slight peak broadening in the PI chromatogram is due to the 

large void volume encountered by the sample as it passed 

from the exit port of the detector into the photoionization 

region of the lamp. This was unavoidable without extensive 

reconfiguration of the GOW-MAC TC detector outlet plumbing. 

A number of the compounds used in this study showed 
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Figure 6.1a TC Detector Response 
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Table 6.1 Gow-Mac Operational Settings 

Parameter Setting 

Injector Temperature 

Colum Temperature 

Detector Temperature 

outlet Temperature 

Bridge Current 

Attenuator 

Chart Recoder Input 

Chart Recorder Speed 

TCD Mix Injection Size 

TCD Mix Composition 

PID Mix Injection Size 

PID Mix composition 

lS00C 

12SoC 

12SoC 

100°C 

200 mA 

4 

100 mV full scale 

4 cm/minute 

3 p.L 

Equal volumes of: 
Isooctane 
Acetone 
Acetoacetate 
Benzene 
Toluene 
Xylenes 

2 p.L 

1 p.L/ml pentane of 
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each TCD mix components 

PID Mix W/ TCD Detector 
Injection Size 

Column Size 

Column Type 

3 p.L 

6 ft x 1/4 inch 

3% OV-1 



Table 6.2 Relative Response com.parison 

Compound Peak Area Amount ReI. Response 
Name (in cm2) Injected (vs benzene) 

(in ,",9) 

Diethyl 1.63 0.29 0.29 
Ether 

Cyclohexane 4.58 0.62 0.16 

Acetone 1.75 0.32 0.43 

Cyclohexene 3.38 0.32 0.77 

MEK 2.79 0.32 0.42 

Benzene 3.30 0.18 1.00 

MIBK 2.10 0.32 0.45 

Toluene 5.84 0.35 1.06 

*Reference value is for 2-hexanone 
Literature Reference: Langhorst, 1981 
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Lit. Value 

0.36 

0.18 

0.35 

N/A 

0.40 

1.00 

*0.52 

1.09 
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variations in their ionization efficiency. In general 

aliphatic compounds such as heptane and cyclohexane while 

having sufficiently low IP's for ionization, did not absorb 

the lamp radiation as well as compounds which had 

delocalized pi electrons. Table 6.2 shows the relative 

photoionization signal, expressed as the peak area for a 

number of different compounds. This data is in good 

agreement overall with earlier data on the relative 

ionization efficiencies for various types of organic 

molecules (Langhorst, 1981). This data further supports 

the idea that photoionization using discharge lamps such as 

the one in this study are best suited to the analysis of 

compounds containing aromatic compounds. 

A study was conducted to evaluate the linearity and LCD 

for the lamp as a PID. No evaluation of the LCD for the 

TeD was conducted. A mixture of 7 components was made up 

using acetone, methyl ethyl ketone, methyl isobutyl ketone, 

benzene, toluene, xylene, and diethyl ether. Sequential 

dilutions and injections were made and the peak area of the 

responses were recorded and integrated using triangle 

approximations. The data appears in Table 6.3. Not all 

the sample components could be evaluated as the dilutent, 

pentane, obscured several of the compound signals at high 

dilution. 



Compound 
Name 

Benzene 

Toluene 

MIBK 

Table 6.3 Linearity and sensitivity 

Amount Injected 
(in grams) 

1.20E-8 
7.40E-9 

3.50E-7 
1.70E-8 
1.00E-9 

3.19E-7 
1.60E-8 
9.57E-9 

Peak Area 
(in amps) 

3.20E-9 
1.53E-10 
9.50E-11 

5.65E-9 
2.70E-10 
1.65E-11 

2.20E-9 
1.10E-10 
6.6E-11 

LOD 
(in pg) 

12 

16 

25 
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Gas Chromatographic Analysis of Gasoline 

A sample of gasoline was obtained from a graduate 

students motorcycle and analyzed by direct injection PI/MS. 

The mass spectra obtained in this study are in Chapter 5. 

One question was raised by the mass spectrometric results 

was whether or not the ions formed in the photoionization 

source were being removed from the source rapidly enough to 

avoid the charge tranfers cascade effects that are 

described in Chapter 5. The analysis of the gasoline 

sample via photoionization detector GC was used to evaluate 

the relative ion signal intensities for three of the 

components in the gasoline sample and compare these to the 

relative areas obtained with the mass spectrometer. A 

chromatograph obtained for an injection of 0.2 pI of the 

gasoline sample onto a 25 meter high performance OV-17 

capillary column using the lamp as part of a 

photoionization GC detector is presented in Figure 6.2. 

The baseline response has been expanded in the figure to 

better highlight the number of components that were 

actually detected in the sample. The operational settings 

for the analysis are given in Table 6.4. A simple 

triangulation method was used to measure individual peak 

areas obtained from the gas chromtaographic analysis. 
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Table 6.4 Gasoline Analysis Parameters 

Parameter setting 

Chart Recorder Input 

Chart Recorder Speed 

Picoammeter Input 

Helium Carrier Flow 

Splitter Ratio 

Injection Size 

Injector Temperature 

Column Temperature Program 

Column Size 

Column Type 

1 volt full scale 

1 em/minute 

10.,0 amps full scale 

::::0.1 ml/minute 

500:1 

35°C for 15 minutes 
3S-100oC @ 5°C/minute 
100°C for 15 minutes 

25 meter x 0.1 mm id 

OV-17 
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Table 6.5 Gasoline Component Analysis 

Compound Name MS Peak Ratio GC Peak Ratio 
Run #1 Run #2 
(in cm2) (in cm2

) 

Benzene 1 1 1 

Toluene 4 3 3 

Xylene* 5 4 4 

*Actually all masses at 106 amu vs summed o,p,m xylene 
peaks. 
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The relative peak area data from the chromatographic data 

and the results appear in Table 6.5. The data from the GC 

correlates well with the relative peak areas observed with 

the mass spectrometer. Agreement would be even better if 

the signal from ethyl benzene were added to that obtained 

for the xylenes. This agreement between data sets 

indicates that the ions are indeed being removed rapidly 

enough from the ion source to avoid bias of the ion peak 

areas due to the cascade of charge towards the lower IP 

sample components. 
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CHAPTER 7 

DISCUSSION AND FUTURE DIRECTIONS 

General 

The data presented in Chapters 5 and 6 shows that the 

major goals of this project have been achieved. The lamp 

functions well as either an ionization source for mass 

spectrometry or as a photoionization gas chromatographic 

detector. The lamp ionization source is best applied to 

the selective analysis of aromatic organic molecules 

contained in a simple or complex matrix. 

In mass spectrometric applications, significant 

simplification of spectral information can be achieved, 

while still retaining the ability t.o obtain additional 

structural information about the sample compounds. A 

summary of the results as well as future experiments and 

future system modifications will now be presented. 
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Photoionization Mass Spectrometer Source 

As an ionization source for the mass spectrometer the 

lamp data demonstrated that under conditions of proper 

source pressure and internal electrode voltages, the lamp 

was able to generate almost exclusively parent molecular 

ions for a number of different types of sample compounds. 

This was shown to be true for direct injection of 0.04 ~l 

of a sample containing 8 different compounds. Mass scans 

over ranges corresponding to 2 to 3 times the parent 

molecular ion mass showed no evidence of any significant 

formation of ion clusters, which might be mistaken for the 

molecular ions of more massive compounds. 

While no attempt was made to couple a gas chromatograph 

to the mass spectrometer inlet system, the data collected 

for the direct injection of mixtures should adequately 

demonstrate that co-elution from a chromatographic source 

will represent no real problem with sample introduction 

into the ionization source. The only criteria for the 

successful analysis of co-eluted compounds being that each 

compound needs to be separated from other compounds by at 

least 1 amu and be able to respond adequately to molecular 

ion mode conditions. The value of 1 amu does not itself 

represent a real limitation in that it is merely the 



resolution that the quadrupole was normally capable of 

providing. The use of this lamp with higher resolution 

instruments such as ICR's would allow the co-elution of 

compounds separated by only a few hundredths of an amu. 
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Among the various samples tested with the Kr 

photoionization source, compounds having aromatic rings or 

pi bonds were observed to produce ion signals that were 

greater by a factor of 2 to 10 times better in the 

molecular ion mode than aliphatic compounds when compared 

on a mole per mole basis. Calculations of the limits of 

detection for the compounds studied indicated that as 

little as 12 pg of benzene could be determined. 

Compounds whose first IP's were greater than 8.5 were also 

observed to have less problems with fragmentation. The 

analysis of secondary and tertiary amines (IP's 7-8.5 eV) 

using the molecular ion mode of the krypton lamp is not 

recommended for this reason. A much better source should 

be a coaxial xenon lamp, which produces much softer (8.5 

eV) vuv radiation. 

In the case where solvents such as ethanol, chloroform, 

methanol, or pentane were present, the selective ionization 

conditions of the lamp were able to effectively keep these 

solvents from interfering with the identification of the 

sample compounds. Even in cases where solvents compounds 
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were present at concentrations roughly equal to five times 

that of the sample molecules, neither spectral 

interferences from solvent ions themselves, nor gas phase 

reaction between the solvent ions and the sample molecules 

seemed to interfere with the generation of the parent 

molecular ions if a sufficiently long delay was employed 

before collecting data. 

In addition to the molecular ion mode, the LEI mode of 

operation was also shown to have significant potential in 

further identifying compounds by means of structural 

analysis as well as providing an internal calibration 

source. The prospect of on the fly switching between 

molecular ion mode and lamp electron impact fragmentation 

mode stands to give both increased sensitivity as well as 

ease of compound identification in the same sample run. 

Future Design Improvements to the PI/MS System 

The sensitivity data presented for a number of 

different types of compounds indicates that the coaxial 

discharge lamp photoionization source is not as sensitive 

as reported for other types of ionization sources. 

However, the low sensitivity problem is the direct result 
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of hardware limitations associated with this version of the 

lamp and mass analyzer, rather than pointing to a flaw in 

the overall method. Using information obtained about the 

operation of the lamp, several suggestions about improving 

the overall performance of the source can now be made, 

which should improve the overall sensitivity of the system 

by 1 to 3 orders of magnitude. 

The Kr Lamp 

The necessity of the ion tube points to a problem in 

ion transport through the lamp. When the lamp was first 

constructed, the magnitude of the effect of electron-ion 

recombination were not adequately known. In light of what 

has been learned about the lamp and its operation, the 

presence of any length of tubing past the photoionization 

region serves little purpose, and in fact can actually work 

to reduce the number of ions exiting the lamp. The next 

generation of coaxial discharge lamp should eliminate any 

post ionization region tubing by bringing the exit side of 

the magnesium fluoride tubing flush to the end of the lamp 

as shown in Figure 7.1. It will still be necessary and 

desireable to leave the electron collecting plate inside of 

the lamp in much the same manner as it is now. This will 
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em 
GLASS MOUNTING FLANGE 

LAMP BODY 

Figure 7.1 Next Generation Lamp Construction 
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retain the ability to suppress recombination, while 

preserving the ability to generate a reference s~ectrum and 

permit the LEI mode of operation. 

An attempt should also be made to modify the materials 

surrounding the load coil reqion of the lamp body in order 

to allow the fat plasma mode of operation." A large qlass 

collar might be one way to isolate the lamp body from the 

end flange of the spectrometer vacuum chamber, as shown in 

Figure 7.1. Under conditions of high vacuum, the fat 

plasma may produce higher relative ionization efficiencies 

than it did under normal gas chromatographic conditions. 

A series of experiments should be carried out to 

optimize the length and diameter of the magnesium fluoride 

tube. The optimal length of the tube will be such that the 

residence time of the molecule within the ionization volume 

will maximize the probability of an ionization event 

occurring, balanced by the need to quickly pass the ions 

out of the lamp once they are formed to avoid extensive ion 

molecule interactions. The optimal tubing diameter should 

be such that the penetration depth of the ionizing 

radiation is maximized without allowing the ion 

concentration formed within t~e volu~e to defocuss the ion 

beam exiting the lamp to any great degree. A further study 

that should accompany the optimization of the magnesium 
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fluoride tube dimensions is an experiment with the input 

power to the lamp. This investigation made no attempt 

beyond the short investigation between the fat and normal 

plasma modes to optimize the input power to the lamp. Most 

of the discharge lamps in the literature reports are 

powered with microwave transmitters operating at 85-150 

watts. The current transmitter used with this 

investigation had a power input of under 10 watts. By 

building higher output power transmitter circuits, greater 

available photon fluxes within the lamp should be possible. 

Another difficulty with the design of this current 

version of the lamp has to do with the proprietary material 

used to seal th~ magnesium fluoride region to the lamp. 

The current sealing material did serve quite well in the 

applications to which the lamp was put. However the 

inability to heat the lamp above 60°C presented a serious 

obstacle to the application of the lamp to molecules which 

do not have appreciable vapor pressures at this 

temperature. By use of either existing high temperature 

sealing materials, such as silver chloride, the lamp will 

be heatable to a much higher degree. This problem was 

reported by HNu with their first generation GC 

photoionization detector. Even if the repeated heating and 

cooling of the lamp leads to a relatively short service 
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life for the lamp, on the order of a few hundred in use 

hours, the overall cost of the lamp and the salt capillary 

is low enough that the lamp could be rebuilt rather 

inexpensively. 

The Quadrupole Mass Analyzer and Vacuum system 

The ability of the lamp to generate residual gas 

spectra for use in calibrating the mass axis allows the 

elimination of the existing external EI source. This will 

allow the ion optics on the front end of the quadrupole to 

be redesigned to better collect and inject ions exiting the 

lamp, and improve the overall ion transmission for the 

system. 

The detector that was used throughout the study was 

well suited for the conditions that were present within the 

lamp during the course of a normal analysis. The injection 

of a sample into the inlet often resulted in a rise in the 

base pressure of the analyzer chamber. sometimes this rise 

increased the base pressure above 1 x 10-5 torr. The HEM 

that was used as the detector withstood these pressure 

rises quite well. The more sensitive detector technology 

available today using micro channel plates is not capable 

of enduring such conditions. In all probability a micro 
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channel detector would be severely damaged after exposure 

to just one pressure jump. If such a detector were to be 

installed it would be necessary to redesign the quadrupole 

vacuum chamber so that the detector side and the ion lens 

side of the quadrupole were in separate compartments that 

were linked by a differential appeture. This design would 

allow the use of a large (>2000 l/sec) diffusion pump on 

the ion lens chamber which could handle the large volume of 

sample vapor and a smaller diffusion pump on the detector 

chamber. 

In addition to these changes, the existing sample inlet 

system could be modified to include a piezo-electric pulsed 

gate valve to very accurately and reproducibly control the 

vapor pressure within the ionization volume of the lamp. 

This would give additional control on the amount of sample 

introduced into the lamp. 

Future Experiments 

Future lamps may have the possibility of enhancing the 

wavelength selectivity by combing continuum discharge mode 

with various salt filters. In Chapter 1 it was mentioned 

that the discharge lamps could be used to produce continuum 

discharges. Normally in order to make use of the wide 
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range of available photon energies, these continuum outputs 

would be passed through a VUV monochromator which would 

select the desired photon energy and irradiate the sample. 

The problems with this approach has to do with the low 

photon fluxes that exit the monochromator, and the physical 

bulk of the monochromator itself. By fabricating small 

tubular shells of various salt, it should be possible to 

insert these shells into the photoionization region of the 

lamp, so that the shell lies between the photoionization 

region and the sample. By choice of the proper salt 

materials, various low pass photon energy filters can be 

created, that effectively pass only photons of a certain 

energy or less. Table 7.1 gives the transmission 

properties for a number of salt materials. The 

transmissive properties of these materials can also be fine 

tuned using the thickness of the shell inserts to vary the 

wavelength cutoff by several nanometers. 

While it is admitted that low pass filtering does not 

produce the same degree of spectral purity available from a 

monochromator, by limiting the photon energy to a certain 

maximum value, all the other energies that are also passed 

should not give rise to any additional photoionization, and 

to all extents their presence within the photoionization 

region should not be a significant problem. This will then 
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Table 7.1 Transmission Properties of Salt Windows 

Material Wavelength Wavelength SOLUBILITY 
Cutoff (run) Cutoff (eV) 9/100 ml @ 25°C 

Al20 3 150 8.3 insole 

BaF2 150 8.3 0.12 

CaF 120 10.3 158 

KF 160 7.8 92.3 

LiF 120 10.3 0.27 

MgF2 110 11.3 0.008 

NaF 130 9.5 4.22 

SrF2 120 10.3 0.011 
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allow a wide selection of available photon energies, while 

maintaining the relatively high photon flux of the coaxial 

photoionization region arrangement. 

One final new area of application of the coaxial lamp 

is as a ion molecule reaction chamber capable of various 

conditions and pressures. By replacing the existing 50 ~M 

molecular leak with precision leaks, such as piezoelectric 

gate valve, and installing highly sensitive pressure 

gauges, gas phase ion molecule reactions involving various 

photon energies, and electron energies could be 

investigated. A second quadrupole mass analyzer would also 

greatly expand the ability of the system to study the 

various ions formed at varied pressures. 

Discussion: Photoionization GC Detector 

The GC data showed that as a photoionization GC 

detector, the lamp is capable of nearly equal sensitivity 

to the commercial PIDs. Based on data collected, a 

theoretical LOD for benzene of 12 pg was determined, and 

supported by an actual measurement of about 32 pg. Other 

compounds tested showed LODs below the 100 pg range. with 

optimization of the ionization volume and ion collection 



optics, the lamp should be capable of 1-2 orders of 

magnitude better sensitivity. While the lamp does show 

qreater relative sensitivity towards aromatic compounds, 

the lamp is responsive to a wide variety of compounds at 

the subnanogram level. 
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Due to the simplicity of configuration, and operation, 

this type of GC detector desireable as an option on almost 

any type of GC application. The data collected with the 

lamp shows that very good results are available with 

standard 1/4 inch columns as well as with high performance 

capillary columns. The excellent separatory capability of 

capillary columns often comes with the trade off of very 

small column capacity, which limits the amount of material 

that can be injected, and places high demands on the 

sensitivity of the detector. The lamp is more than capable 

to adequately handle these small quantities of material. 

Future Design Improvements for the PI/GC System 

Future lamp designs for this application need to 

optimize the photoionization region with regards to minimal 

dead volume and maximum ion generation and collection 

efficiency. As was mentioned earlier in the MS section the 

seals on the lamp need to made capable of withstanding 
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temperatures up to 250°C so that a much broader spectrum of 

sample compounds can be possible. 
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