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ABSTRACT

TEE mum All) APPLICATION OF

TIE-.0138!) ION mmW

By

John Timothy Stults

Time-resolved ion momentum spectrometry (TRIMS) has been developed

as a praising new mass spectrometry/mass smctrmstry (ks/36)

technique. Compared to more conventional IBM techniques, TRDB offers

several advantages, including adaptability to many older mass

spectrometers, simpler operation, lower cost, energy-independent

assigrnent of daughter and stable ion masses, and the potential for

more rapid data acquisition.

In TRDB, mass analysis is produced by simultaneous momenta and

velocity determinations: measurement of ion flight times through a

magnetic sector instrument. An ion's mass is determined by the product

of the magnetic field strength (proportional to momentum), and the

flight time (inversely proportional to velocity) at which the ion is

observed. Daughter ions formed in the field-free region between the

source and the magnet- maintain the velocity of their parents. The

flight time measurement for a daughter thus serves to identify its

parent mass. Appropriate codainations of the magnetic field and/or

flight time allow all conventional MS/MS scans to be obtained.

An LIB-9000 single-focusing magnetic sector mass spectrometer has

been modified for TRIBE experiments. Ion source pulsing, time-resolved
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detection, an extended flight path, and a collision cell have been

added. To optimize the perfbrmance of the instrument for TEENS, a data

acquisition/instrunent control system has been designed and

implemented.

The technique has the capability for providing good resolution of

daughter and stable ions, although parent ion identification is limited

by the flight time resolution and the kinetic energy release from the

parent dissociation process. Initial spatial and kinetic energy

distributions of ions in the ion source contribute to degraded

resolution. Optisization of instrument parameters can reduce this

problem. Experiments have shown that sensitivity is one of the

limitations of the TRIMS technique. Ion storage by space charge

trapping in the ion source has reduced this limitation.

Time-resolved ion molentum spectrometry has been applied to the

measurement of kinetic energy releasexin metastable deco-positions.

This measurement is an area in which.TRIMS could find considerable use

since it provides adequate daughter ion mass resolution in addition to

the energy measurement.
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CHAPTERI

HISTORICAL OVERVIEW

Introductin

The field of mass spectrometry hm undergone tremendous growth in

the past decade. From its early days as a tool for measuring atmic

masses and characterizing simple organic molecules, the technique has

matured into a valuable tool that can probe even the caplex structures

of trace biological compounds. This progress is both a tribute to the

ingenuity of many researchers and a natural outgrowth of recent

advances in technology.

Improv-emts in instrt-entation have, without a doubt, played a

major role in making mass spectrometry one of the most important

analytical techniques available today. The computer has made

instrtnent control, data acquisition, and data analysis much simpler.

New ionization techniques such as laser desorption (1), plasma

desorption (2), and fast atom bombardment (3-5) permit ionization of

large, nonvolatile molecules. To date, time-of-flight measurements (6)

and high-field magnets (7) provide for mass analysis of these large

ions.

The development of mass spectrometry/mass spectrometry (MS/AS) has

been another advancement in instrumentation (8,9). As the nae

implies, ABM involves two mass measurements to determine an ion’s

l



mass before and after a fragmentation event. Since the fragmentation

pathway can be quite specific to the structure of the ion, this

technique has become important for many applications involving

structure determination and mixture analysis.

The development of a new MS/AS technique, time-resolved ion

msmemtm spectrometry (TRIPS) (10-12) is the topic of this

dissertation. This new technique will be shown to possess certain

advantages over more conventional MS/MS techniques. In TRIBE, mass

determinations are based on the simultaneous measurement of ion

velocity and @tm. The simultaneous nature of the measurement, in

contrast to the sequential or serial nature of most IBM instruments,

provides the opportunity for more rapid scanning of the entire data

field. With the advent of very high speed electronics, it should be

possible to obtain all the IBM information for a sample within the

time frame of chromatographic peak elution. The coinined momentum and

velocity measurements also produce mass values for ions that are

independent of ion energy, leading to improvements in resolution over

sue 16th techniques. In the following pages of this dissertation,

the principles, the instrumental implementation, the perfornance, and

the application of this technique will be described.

This chapter provides a brief introduction to m/MS: the

naenclature, instrumentation, and applications. Conventional

instn-ents are described, both to give a foundation for the

description of time-resolved ion momentum spectrometry, and to provide



a background for comparison of the techniques. The use of

time-of-flight measurements combined with sector instruments will be

reviewed so as to put TRIMS in an historic perspective. A brief

description of mass measurement by TRDMS is then followed with a

discussion of the potential for this exciting new technique.

Mass Spectrometry/Mass Spectrometry

As the problems facing analytical chemists become more and more

complex, there is a demand for techniques that can provide increased

sensitivity and/or selectivity’ with shorter analysis times. Mass

spectrometry/mass spectrometry, by its multidimensional nature, has

from its inception proven to be a key instrumental technique in many

modern analytical problems, especially those involving mixture analysis

or structure elucidation.

In a typical MS/MS experiment: (a) ions are formed and extracted

from the ion source, (b) the precursor (parent) mass is selected, (c)

the ions undergo subsequent frag-entation (either spontaneous or

induced), (d) the product (daughter) mass is selected, and (e) a

detector ‘measures the ion beam intensity. This sequence is shown in

Figure 1.1. Alternatively, the ion fragmentation may precede both mass

analysis steps, provided the mass analyzers can determine both the

parent and daughter ion masses solely from the daughter ion

characteristics.
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Another term, tandem mass spectroIEtry, often is used as a synonym

for mass spectrometry/mass spectrmetry. ”Tandem,” however, implies

two analyzers, one following the other. Mass spectrometry/mass

spectrometry is a more general term since it does not imply any

specific configuration.

Mass spectrometry/mass spectrometry adds a dimension of

information to conventional mass spectrometry: the parent ion-daughter

ion relationship. The manner in which these.mu1tidflmensional data

are obtained and utilized depends on the ion fragmentation processes

and the mass analyzers employed. The fragmentation processes and mass

analyzers currently used are described below.

Frag-antation Processes

Of the several mechanisms of daughter ion formation in ABM,

metastable decomposition is the simlest (13,14). Ions formed in the

ion source have a range of internal energies that govern their

fragmentation behavior. Ions that acquire a sufficient amount of

energy during ionization may undergo spontaneous unimolecular

dissociation in the ion source. On the other hand, if the ion internal

energy is low, the probability that the ion will remain intact until it

reaches the detector is increased. There is an intermediate range of

energies for which dissociations with rate constants in the range of

k = 10" - 10" sec1 produce significant fragmentation during the

period of time between ion formation and detection. Under these

circt-tances, the parent ion is said to be a metastable ion; the



frag-entation process is called metastable decomposition or

dissociation. This is a unimolecular process; the ion spontaneously

falls apart. The extent of dissociation observed depends upon the

internal energy, the rate constant, and the mass spectrometer optics.

Unimolecular dissociations are accompanied by the release of

kinetic energy, the extent of which depends on the internal energy and

the molecular structure (15-17). The kinetic energy release can be

characteristic of specific ion or classes of ions, and its measurement

often provides useful analytical information.

Collisionally activated dissociation (CAD) or collision-induced

dissociation (CID) occurs when an ion collides with a neutral atom or

molecule (18,19). The energy of the collision is partially transferred

to internal energy of the ion, resulting in subsequent unimolecular

dissociation. The nature of the collision depends on the energy

involved. Low energy collisions ((100 eV), such as those that occur in

quadrupole instruments, involve vibrational excitation during "head-on”

collisions (20-22). High energy collisions (>1000 eV), that typically

occur in magnetic sector instruments, involve electronic excitation

from ”glancing" collisions (23-25). The fragmentation distribution for

high energy collisions appears to be fairly independent of the

collision energy. For molecular ion parents, the fragmentation is

usually very’ similar to that produced by 70 eV electron impact

ionization, simplifying interpretation (26). In low energy collisions,

however, the fragmentation can vary considerably with the collision

energy. This variability is structure dependent and has been used as



an added degree of selectivity.

Other reactions such as charge exchange, charge stripping, and

addition/substitution reactions can occur during collision (19,27,28).

These often provide further analytical selectivity for certain types of

compounds. Photodissociation (l) is another method of producing

daughter ions, especially when addition of a known amount of energy

(through resonance absorption) is desired.

Mass Analysers

There are four major types of mass analyzers used in conventional

mass spectrometry (29): the magnetic sector, the quadrupole filter, the

thae-of-flight drift tube, and the ion cyclotron resonance cell. These

analyzers are combined in various ways to make MS/MS measurements.

In magnetic sector instruments (30), ions are produced

continuously, external to the magnetic field, and are accelerated

toward the magnet by beam shaping potentials such that all have the

same final kinetic energy (2-10 keV). As depicted in Figure 1.2, the

magnet disperses ions according to momentum just as a prism disperses

the wavelengths of light. Ions of different momenta travel paths of

different radii through the magnetic field. Since all ions have the

same nominal energy, ions of different mass will have different

momenta. Usually a pair of slits form an ion optic system and the

magnetic field is changed to allow ions of progressively increasing or

decreasing mass to travel through the exit slit to the detector. Often
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the magnetic sector is combined with an electric sector to form a

double-focusing mass spectrometer, providing higher resolving power.

The electric sector separates ions on the basis of energybto-charge

ratio, and it serves to reduce the range of energies of the transmitted

ions. The improved precision in energy allows the magnetic momentum

analyzer to determine mass with higher resolution.

The quadrupole mass filter (31) consists of four rods through

which ions travel after acceleration to constant energy (5-50 eV). RF

and DC voltages are applied to the rods which cause oscillation of the

ions, shown in Figure 1.3. The voltage and frequency levels are

adjusted so that ions of only one mass have a stable trajectory through

the quadrupole at any one time.

For time-of-flight (TOF) measurements (32,33), ions are

accelerated to constant energy (2-10 keV), but the acceleration voltage

is pulsed very quickly to produce packets of ions. As an ion packet

leaves the source, it passes into a field-free region where it

separates into smaller packets. As shown in Figure 1.4, ions of

different mass-to-charge ratio will have different velocities and so

require different amounts of time to travel to the detector, which is

situated at a fixed distance from the ion source. The flight time of

each packet thus identifies the mass of ions in that packet.

The ion cyclotron resonance (ICR) cell is situated completely

within a magnetic field (34). As shown in Figure 1.5, after pulsed ion

formation, the ions move in circular orbits, the frequency of their
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Figure 1.5. Mass separation in an ion cyclotron resonance cell.

(a) ion formation, (b) excitation, (c) detection.

(Reprinted with permission from ref 29. Copyright 1983

American Chemical Society.)
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motion being inversely proportional to their mass. Measurement of the

intensity of the signal at individual frequencies produces a mass

spectnm. Simultaneous measurement of all frequencies followed by

Fourier Transformation (FT-ICR) (35) can produce a mass spectrin very

quickly with the capabilities for ultra-high resolution.

The choice of mass analyzer depends mainly on the mass range and

resolution desired. Based on present technology, the mass range

increases in the order: quadrupole < FT-ICR < magnetic sector <

time-of-flight. Resolution increases in the order: time-of-flight <

quadrupole < magnetic sector < FT-ICR. Of course, the performance of

the instrument depends to a large extent on the price-tag.

Dims Analyzer Cdinatiom

A mass spectrometry/mass spectrometry instrument is a codination

of two or more mass analyzers. Magnetic and electric sectors and

quadrupole mass filters have been the primary ones used. FT-ICR as an

isms device has only recently been introduced (36). Time-of-flight has

been used only in specialized research instruments. It is co-on

practice to abbreviate these codainations as EB, RE, 00. OT, etc.,

where B=ngnetic sector, E=electric sector, O=quadrupole,

T=time-of-f1ight .

The tandem sector 36/18 instrments are conventional

double-foaming mass spectrometers in which the electric sector and

accelerating voltages have been uncoupled (37-40). In a BE instrt-ent,
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as shown in Figure 1.6a, the magnet selects the parent ion,

fragmentation occurs in the second field-free region (between the

sectors), and the electric sector selects the daughter ion. The

daughter ion has less energy than the parent due to loss of the neutral

less so the electric sector, an energy filter, acts as the daughter ion

lass analyzer. For this reason, the 38 instrument is also sometimes

called MIXES (sass analyzed ion kinetic energy spectrometer) (41).

Fragmentations occurring in the first field-free region of a BB

instrument can also be measured. The identities of the parent and

daughter ions are calculated from.both the magnetic and electric field

values necessary for the ions to reach the detector. The an instrument

operates in an identical fashion, but only collisions occurring in the

first field-free region can be used.

The triple quadrupole (000) (42) instrument, shown schematically

in Figure 1.6b, uses the first quadrupole to select the parent ion and

the third quadrupole to select the daughter mass.’ Collisions occur in

the center quadrupole, operated in a non-mass-selective (rf only) mode.

This quadrupole acts as a focusing unit to reduce the scattering in

low energy CAD (43).

More recently three- (44-46) and four-sector (47,48) instruments

(EBB,BBEB,etc.) and hybrid instruments (3800) (49) have been

introduced. In the hybrid instruments the first quadrupole is a

collsion chamber that can be used in either the high or low energy

mode. These provide for high resolution in either the parent or
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daughter ion selection, or both. The FT-ICR has also recently been

shown to provide high resolution daughter spectra (36) as well as the

ability to perform multiple stages of MS/MS (50).

The selection of the type of instrument depends mainly, as does

the selection of a conventional instrument, on the resolution and mass

range requirments, and cost. Other factors such as type of collision

(high or low energy), sensitivity, and scanning speed can be

isportant.

Scanningllodas

There are several methods of scanning an MB/MS instrument in order

to obtain the information desired (42). A daughter scan is produced by

selecting a parent sass with the first sash analyzer and scanning the

second sass analyzer. This scan produces a mass spectrum of the parent

ion. For a parent scan, the second sass analyzer is set to select

daughter eons of a single sass. Then the first sass analyzer is

scanned. The resulting parent ion scan shows all the parents which

undergo fragmentation to produce the selected product ion. A third

type of scan, the neutral loss scan, is produced by scanning both mass

analysers simultaneously such that the difference in mass between the

parent and daughters remains constant. This scan is really a parent

ion scan for constant neutral loss and shows all parents that fragment

to give the same neutral loss.

The :method of accomplishing these scans depends on the type of

instrument. A simple scan of a single device such as a quadrupole or
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electric sector can produce a parent or a daughter scan. Other types

of linked scans require much more sophisticated instrument control to

scan several devices according to a sathematical relationship.

Applications

Selection of the appropriate scan is dictated by the type of

analysis to be performed. [IS/BB is used in a variety of applications

which can be divided into two sajor classifications: mixture analysis

and structure elucidation.

For mixture analysis (51), the sample being ionized in the source

is composed of several cosponents (see Figure 1.7). A ‘"soft

ionization” technique is preferentially used, such a chemical

ionization (52,53), so that in the ideal case, only solecular ions are

formed. with little fragmentation. Parent ion selection by the first

sass analyzer separates one cosponent from the others. Fragmentation

of the parent is effected by CAD. Following fragmentation, a daughter

scan produces the equivalent of a sass spectrum of the compound. Thus,

the first sass analysis stage serves as a separation step. 58/56 is

especially useful in ”targeted" sixture analysis where identification

and/or quantification of certain known compounds in a complex mixture

is desired.

This sixture analysis scheme has been applied to fast atom

bombardment ionization in which the background from the glycerol matrix

interferes with the sass spectrum (54). Selection of the solecular ion
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(or molecular adduct ion) by the first sass analyzer discriminates

against the glycerol ions. The second mass analyzer produces the mass

spectrum of the collision-induced daughters of the selected parent.

Neutral loss scans are valuable for screening a mixture for a

certain type of compound. For example, negatively-charged molecular

ions of organic acids often display a loss of 002 (44 daltons) (55,56).

Nitrated polycyclic aromatic hydrocarbons usually show loss of OH

(17 daltons) (57). Polychlorinated biphenyls show loss of 012

(70 daltons) (58).

Parent scans are also used for screening sixtures. For instance,

phthalates in environmental samples have been identified by first

screening for mass 149, a characteristic fragment ion for this class of

compounds (59,60).

Structure elucidation experiments, in contrast, use a single

compound (see Figure 1.7). When a single compound is ionized, the

resulting fragment ions, if any, represent certain structural features

of the original molecule. However, ions at any given mass can have one

of many possible structures. Even if the elemental composition is

known by high resolution measurements, there can be a number of

isomeric structures. Further fragmentation by CAD can produce daughter

fragments that often give more insight into the exact structure (61).
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Limitations of Present Instruments

One of the common features of the MS/MS instruments described so

far is their tandem nature - parent and daughter mass analyzers are

sequential and temporally exclusive. Only one parent-daughter pair can

be evaluated at once. This puts a limit on the speed at which many

scans can be obtained. If many different ions could be detected

simultaneously, the possibilities fer much faster scanning could be

substantially improved.

Boerboom et al (62) have developed a tandem magnetic sector (BB)

instrument in which the second magnet disperses the daughter ions along

a multichannel detector. A11 daughter ions are collected

simultaneously. In FT-ICR, all daughter ions are also measured

simultaneously after a selected parent ion is subjected to collision

(36).

These multiplexed instruments also have drawbacks. The

multichannel an instrument is cumbersome and has a limited range of

daughter ions that can be viewed sflsultaneously. FT-ICR, although it

shows considerable promise, requires at least 20 ms for data

acquisition per daughter scan and the Fourier Transform takes several

seconds per scan.

The new technique developed in this thesis work, time-resolved ion

momenta spectrometry, involves measurement of ion velocities as the

ions move through a. magnetic sector instrument (ll). Velocity
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measurement by TOF serves as a measure of the parent mass since

collision and fragmentation do not substantially alter the velocity.

The momentum measurement of the B sector can be codiined with the

velocity value to yield the daughter ion sass. Time-of-flight

measurements can be completed on the microsecond time scale so all

velocity measurements for each sector field value could be completed

almost instantaneously. In the time necessary to scan the sector once,

all parent-daughter coininations could be scanned.

IBM Utilizing Tin-of-Flight

Benaissance in TOF

Tise-of-flight mass spectrometry has been used for several

decades. Except for a brief time in the late 1950s, however, the TOF

instruent has not enjoyed the popularity that other instruments have.

with the recent advances in ionization techniques and in high-speed

electronics, TOF is again gaining importance. There are two basic

reasons supporting this rise in popularity (29). First, it has a

virtually unlimited mass range. One merely waits a long enough period

of time for the ion to drift to the detector. Second, it can produce

complete spectra at a rapid rate. A signal representing the spectrum

of masses 1-1000 daltons can be produced every 100 pa. Transient or

rapidly changing samples can be analyzed accurately. In addition, the

high transmission of the instnnent makes effective use of the ions in

each pulse.
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The time-of-flight mass spectrometer has seen use with

Californium-252 plasma desorption to produce spectra of ions larger

than mass 10,000 (6,63). It is also used for transient ionization

techniques such as laser desorption (64,65). Its fast scanning

capabilities have also attracted attention for use in capillary gas

chromatography-mass spectrometry (29,66).

Resolution Improvements

One of the drawbacks of the thme-of-flight measurements is the

relatively poor resolving power. A conventional instrument yields at

most a resolution of 650 (508 valley) at mass 614 (67). A number of

techniques have been tried in order to improve on this value. Hiley

and McLauren (32) employed multiple focusing grids to correct for ion

fermation in different regions of the ion source and ”time-lag

focusing" to correct for different initial thermal velocities. Sanzone

et a1 (68) used time-dependent extraction pulses to improve the

resolution. Neither technique has been able to push the resolution up

to 1000.

More recently, focusing devices have been used to improve the

resolution. Perhaps the most successful of these has been the

electrostatic reflection mirror introduced by Mamyrin et a1 (69). Ions

travel into a retarding electric field gradient that eventually turns

the ions around and accelerates them toward the detector. Those ions

with higher energy will move farther into the mirror before being

turned around. Their higher energy is thereby compensated by a longer
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flight path, resulting in a resolution of up to 3500.

Other focusing schemes utilize electric or magnetic fields. Both

electric (70,71) and magnetic sectors (72,73) have been used as filters

to remove ions with extraneous energies. Electric sectors have been

used for ”time-focusing” (74) -- ions of different energy travel

different paths through the sectors so that the path length compensates

for the energy or initial position differences (75-85). Magnetic

sectors have likewise been suggested as focusing devices (85-87).

Coflinations of time-of-flight and magnetic or electric sectors

have been used for quite some time in nuclear physics. Particles

formed in plasmas and high-energy collisions have widely varying

energy, sass, and charge. Measurement of velocity plus momentum or

energy can often sort out the wide variety of particles formed (88-96).

Likewise, in plasmas produced by lasers, codainations of TOF and

electric or magnetic sectors have been used to measure the mass and

energy (97-104).

anB by Time-of-flight

Although time-of-flight has not been used commercially for film,

there have been instruments built that utilize the technique. The

earliest techniques used decelerating fields in the flight path

(105-113). Ions that dissociate in the flight tube have less energy

than the stable ions; deceleration will cause them to slow down more

than the stable ions. Knowledge of the stable ion masses and the
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deceleration field value enables daughter mass assignment to be made.

More conventional AIS/m experiments have been performed with ET

(114—116), ET (117), GT (118), and TT (119,120) cofiinations. The

latter instraent used precisely timed gate pulses to control the ion

movement. With the exception of the ET instraent, the TOF measurement

in these instruments occurs after the fragmentation step, i.e., TOF is

used solely to determine the daughter ion mass. Analogous to the ET

instrument, a magnetic sector codiined with a Visa velocity analyzer

has been used both for MS/bs (121) and nuclear particle studies (122).

Wien analyzers are crossed ExB fields that select ions on the basis of

velocity.

Time—Desolved Ia Hasnta Spectraatry

The codinations of magnetic sectors with time-of-flight

measurements described above were mainly concerned with measurement of

ion velocity and ion momenta to yield the correct mass-to-charge

ratio. It is also possible to utilize the velocity and momenta

measurements for BB/IB experiments (10-12). when an ion dissociates

after acceleration from the ion source, the mass, momenta, and kinetic

energy change but the velocity remains the same. Therefore, velocity

measurement can yield the parent mass identity while momenta plus

velocity analysis yields the daughter mass. This process is shown in

Figure 1.8 for two ions, hi and lb, formed in the ion source.

Dissociation yields a nuflaer of different ions. Simultaneous momenta
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and velocity measurements can identify the mass of each daughter ion

and its precursor mass.

In time-resolved ion msmssta spectrometry, a single mametic

sector mass spectrometer was modified for ion source pulsing and

time-resolved detection. The magnetic sector provides analysis of ion

momenta while the codination of a pulsed ion source and time-resolved

detection system provides analysis of the ion velocity through the

instraent. In this configuration there is not a separate

time—of-flight section, but rather the flight time is measured through

the magnetic sector instraent. Since the ion optics rigidly define

the radius of curvature at which ions are detected, the distance

traveled by all observed ions will be the sae.

Figure 1.9 illustrates the basic caponents of a single sector

mass spectrometer and shows the separation of ions based on velocity

and momenta. Approximately monoenergetic ions extracted in a brief

pulse from the source may undergo fragmentation in the field-free

region preceding the magnet. The magnetic field disperses the ions

according to their momenta, daughter ions now having less momenta than

their parents. At the same time, ions become separated along the ion

path as a result of their different velocities. Unlike the momenta,

however, the velocity of a daughter ion raains essentially the same as

that of its parent ion, altered only slightly by the dissociation

process, so all daughter ions of the same parent will have nearly

identical velocities. For a single value of the magnetic field, the

ion packet corresponding to stable ions with the selected momenta
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will arrive at the detector, followed in time by daughter ions with the

same masmta which originated from fragmentation of progressively

heavier ( and slower ) parents. If a current-time curve is taken for

each value of’magnetic field strength (momentum), the complete set of

MS/MB spectra for the sample can be obtained from the resulting data

set. As will be shown in the next chapter, the mass assignment for any

ion (daughter or stable ion) is based solely on the combination of its

arival time and required magnetic field strength, and is completely

independent of its energy. Daughter ion, parent ion, and neutral loss

spectra can be constructed, from the complete data set or can be

obtained by various independent and linked scans of the magnetic field

strength and ion arrival time.

Time-lasolved Ion Kinetic Energy Spectrometry

Just as msmsmta and velocity measurements can produce MS/MS data

in the TERMS instrument, so can energy and velocity measurements

(11,12,114-116). For collisions that occur before the electric sector,

velocity measurement can yield the parent mass identity while energy

analysis yields the daughter mass. Utilizing an electric sector to

determine the daughter mass is similar to the MIXES (or BE) instrument

(41). For this reason the name time-resolved ion kinetic energy

spectrometry (TRIEES) has been adapted. Although the problems with

daughter ion resolution that plagues MIXES likewise apply to TRIEES,

TRIEES does not require a bulky magnet so instrumentation can be much

simpler.
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It should be noted that "time-resolved mass spectrometry”

techniques have been described in several other applications. These

techniques do not utilize the time-resolution to obtain mass values,

but rather measure the time dependence of ion formation (123-125), ion

dissociation (126,127), or ion-molecule reactions (128,129).

The time-resolved spectrometers described offer new and

potentially advantageous forms of 58/38. Electric sectors are

inexpensive and simple to operate, and many older single magnetic

sector mass spectrometers exist. The addition of ion source pulsing

and time—resolved detection to these instraents could extend, at low

cost, the capabilities for 58/58 to many laboratories unable to bear

the expense of new instraents.

Both TRID8 and TRIEES are potentially powerful techniques.

J .0. Pinkston has developed the TRIKES technique and his work is found

elsewhere (116). The theory, implementation, and application of T8158

will be described in detail in subsequent chapters.
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The theoretical principle of time-resolved ion maenta

spectraetry are derived fra a codination of the theories describing

magnetic sector and time-of-flight mass spectrometry. This chapter

presents the mathematical basis for the principles of operation of the

instrument: ion separation, mass assignment and achievement of the

various types of 58/18 scans.

Mass AssigI-ent

Stdile Ions

Time-of-fligfi instraents. For any mass spectraeter in which

the ions are accelerated out of the source, the energy of the ions, E,

is determined by Equation 1, where m is the ion mass, v is the ion

E=1/2mv3=zeV+El=qV-l-El (l)

velocity, 2 is the number of charges on the ion, e is the electronic

charge, q is the charge on an ion (q = ze), V is the potential

difference through which the ion is accelerated, and E: is the initial

energy of the ion. The number of charges, 2, is assumed to be +1

throughout this work. The magnitude of the initial energy contribution

is usually much smaller than qV. Equation 1 does not take into account

37



38

that fact that ions do not usually start from a single plane, i.e.,

that Y may not be identical for all ions. Equation 1 can be rewritten

to show ion velocity as a function of energy, Equation 2.

v = (2%)1/2 = (gagigL) 1/2 (2)

A pulse or packet of nominally monoenergetic ions can be produced

(assuming z = 1) either by pulsing the accelerating voltage or

deflecting the ion beam in a time-of-flight mass spectrometer. As

Equation 2 shows, after acceleration, the velocity of any ion is

inversely proportional to the square root of its mass. As the

accelerated ions travel through space, they separate according to mass,

the lightest ions traveling fastest. The velocity of each ion can be

determined by measuring the time, t, necessary for the ion to reach a

detector situated at a fixed distance, d, fra the pulse origin, as

given by Equation 3.

t = d/v (3)

Substitution of Equation 2 into Equation 3 yields Equation 4 -- an

- = 23‘ <4)
 

expression relating the mass-to-charge ratio of an ion to its flight

thme. The traditional relationship for mass determination in a

time-of-flight mass spectraeter (1), Equation 5, is obtained by

_ 2V1:2

‘ d? (5)
 

l
o
l
l
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substituting qV for E, which, from Equation 1 assumes that E: is

negligibly small. In reality, ions do have initial translational

energies, and this initial energy term leads to a degradation in

resolving power. For some ionization processes such as laser

desorption (6), ions can have considerable initial energy that results

in severely degraded resolution. This model also does not take into

account that fact that ions usually do not start from a single plane,

nor do they undergo instantaneous acceleration to their final

velocities. These secondary factors are considered in detail in

Chapter 5 .

msector instraents. Ions traveling in a uniform magnetic

field experience a centripetal force that disperses them along various

arcs according to their maenta. The radius is related to the maenta

by Equation 6, where B is the magnetic field strength and r is the

IV = qu (6)

radius of each ion’ s circular path. Codaining Equations 2 and 6 to

eliminate v gives an expression for mass assignent in a magnetic

sector instrT-ent, Equation 7 (2). Again, assaing that E: is

2

negligibly small, Equation 7 can be rewritten as Equation 8, the caon

expression for mass sssipment in a magnetic sector instrument.
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Unfortunately, as with the time-of-flight measurement, the El

contribution is small but finite. One of the main limitations of

resolution in conventional magnetic sector mass spectraeters is the

minor spread in ion energies.

L118; instraents. Simultaneous measurement of the ion maenta

with a magnetic sector and measurement of the ion velocity with a

time-of-flight measurement is another method of determining ion mass.

Codaining Equations 3 and 6 gives Equation 9, the mass assigaent

fl = Bt (i) (9)

function “for ions in the TRII8 instraent (3). The codination of a

maenta analyzer and a velocity analyzer produces a mass-to-charge

ratio that is independent of the ion energy. In effect, the velocity

contribution to the mass assignment cancels. Thus, the codination of

magnetic sector and time-of-flight mass analyzers produces an

instraent with potentially higher resolution than that attainable by

either analyzer alone.

Parat ad Durghter Ions

An important consequence of the energy-independent mass

determination is the ability to accurately assign mass for stable ions

as well as ions which change mass in the field-free region between the

ion acceleration region and the magnetic sector. This fact can be

exploited to perform experiments normally done by mass
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spectrometry/mass spectrometry.

Consider Figure 2.1 which shows the metastable decomposition of

acetyl salicylic acid (aspirin) to form the salicylic acid daughter ion

by loss of a neutral ketene molecule. The mass, kinetic energy, and

momentum of the daughter ion are all lower than those of the parent but

the velocity remains very nearly the same. The stable ion mass 138

formed in the ion source, on the other hand, has higher kinetic energy,

velocity, and momsmta than any daughter ion of the sae mass. These

differences in mass and velocity form the basis for separation of

parent and daughter ions in TRIA8.

A daughter ion, m!,can arise from either unimolecular decay or

collisionally activated dissociation occurring in the field-free region

preceding the magnet, according to Equation 10. It will be transmitted

IE --> s5 + s5 (10)

to the detector when the field strength corresponds to its maenta.

The combination of magnetic field strength and arrival time can be used

to make an accurate mass assignment according to Equation 9. Thus,

masses of all stable and daughter ions will be determined accurately by

the combination of momentum and velocity. The velocity of a daughter

ion will be nearly the same as that of its precursor (parent) ion since

the release of kinetic energy in the fragmentation process alters the

velocity only slightly (4). Hence, the use of the measured flight time

of the daughter ion can be used in Equation 5 to identify the mass of
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the parent from which the daughter originated.

For comparison, ions that dissociate in the field-free region of a

conventional time-of-flight mass analyzer appear at the same arrival

time as the parent ion mass. The daughter mass is not readily

identified. In contrast, ions that dissociate in the field-free region

(between the acceleration lens and the magnet) of a conventional

magnetic sector instrument do not appear at either the parent or

daughter mass, but rather at an ”apparent mass,” sf, given by Equation

11 (4). This equation can be derived by combination of Equations 2, 6,

m* = salsa (11)

and 8, considering that the mass in Equation 2 is s: when the ion is

accelerated out of the source, the mass in Equation 6 is so when the

ion is analyzed by the magnetic sector, and the mass in Equation 8 is

IF fer the mass normally calculated from B and V. The apparent mass

m‘ will be used in subsequent chapters when discussing mass calibration

along the momentum axis for TRLMS.

Ion Energy Determination

In addition to the mass-to-charge ratio, it is also helpful at

times to be able to measure the energy-to-charge ratio. This value

would be useful for stable ions with non-constant energy, such as those

foamed in nuclear experiments (5) or by laser desorption (6). It would

also be helpful for measuring the energy spread of daughter ions due to

kinetic energy release in ion dissociation processes (4).
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The energy of an ion in a TRIB8 instraent is given by Equation

12. This equation is derived fra Equation 1 by substitution of

Equations 3 and 6.

.
0
I
N

a
l
s
o

rd

‘5) (12)(

The measurement of B and t in a TRIL8 instraent, then, provides

the mass-to-charge ratio and energy-to-charge ratio for all ions

reaching the detector, whether they are stable ions or daughter ions.

In addition, for daughter ions, the parent ion mass-to-charge ratio is

also determined fra the daughter ion arrival time using Equation 5.

Ihgnetic Field Strength - Arrival Time ( B-t ) Data Field

Locatia of Stale and Daughter Ias

In order to understand how MS/MS data can be obtained, it is

helpful first to visualize where the ions would be located in the

magnetic field-flight thme (B-t) data field. Figure 2.2 is a computer

generated plot of the B-t data field for an instrument with V=3500 V,

d=1.0 m, r=0.2 m. Each location on the plane represents the field and

time values at which a specific ion would be found. For instance, all

daughter ions of the same parent mass will have identical velocity and

time-of-flight according to Equation 5. This is shown by a vertical

line for all daughters of parent mass 400. Likewise, all daughter ions

of the same mass but derived from different parents will have the same

value of Do t, according to Equation 9. The hyperbolic curves represent
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Figure 2.2. The B-t data field for TRIMS showing the expected

locus of points for different types of ions.

(Reprinted with permission from ref. 3. Copyright 1983

American Chemical Society.)
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ions of the same B-t product, mass 100 and mass 150 in this case.

Stable ions appear at the point where the parent mass is equal to the

daughter mass. They also all have the same nominal energy, 3500 eV.

Thus, ions of the same energy are represented by a straight diagonal

line starting at the origin, the slope determined by the energy

according to Equation 12.

Since the correct mass is assigned for daughter and stable ions

regardless of their energies, the TRIB8 instraent could be used for

mass analysis of ions that have widely varying energies. Equations 9

and 12 would iprovide the mass and energy, respectively, for any

detected ion. Figure 2.3 shows the expected locus of points for two

masses in the B-t data field (d=l.5 m, r=0.2 m). Several lines of

constant energy are plotted to show how the position along a curve of

constant B-t (constant mass) varies with energy.

The expected locations of various ions in the B-t data field are

shown in more detail in Figure 2.4, this time for ions (accelerated to

constant energy) in the molecular ion region of benzene. A conventional

mass spectrum would show four ions at m/z 76, 77, 78, 79. These ions

are shown for ' a.magnetic sector instrument with no time resolution

(y-axis), a time-of-flight instrument with no magnetic dispersion

(x-axis), and for TRIMS (entire field). The molecular ion and its 13C

isotope show loss of hydrogen by metastable decomposition,

78* -> 77* + H and 79+ --> 78+ + H. In a scan of a magnetic sector

instrument with no time resolution, these metastable decompositions

would appear as broadened peaks at apparent mass m* = 772/78=76 and
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Figure 2.4. Expected location of ions in the B-t data

field for the molecular ion region of benzene.
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IF = 783/79=77, i.e., these letastable peaks would only contribute

broadening to the stable ion peaks at a/z 76 and l/z 77. Sililarly, in

a scan of a tiae-of-flight instrulent with no sagnetic dispersion the

metastable peaks appear at the sale arrival tine as the parent peaks,

but broadened due to the energetics of dissociation. Thus, there is no

clear differentiation of stable and daughter ions. However, the TRDS

instrulent can resolve the daughter ions fnos the stable ions. The

daughter ions appear at the sale flight tile as their parents, as shown

in Figure 2.4 by the vertical lines. The daughter ions still appear at

the field strength corresponding to their apparent lass as shown by the

horizontal lines. They also appear at the sale value of B-t as stable

ions of the sale less as shown by the hyperbolic curves.

These data can be acquired either by individual 36M scans or by

acquisition of the full data fieldlwith subsequent extraction of the

desired data. Individual scans utilize a data acquisition technique

called tilerslice detection (TSD) (14): for each pulse of the ion

source, only those ions detected during a single selected narrow slice

of tile are recorded. Full data field acquisition 'can also be

accolplished by TSD or by tine-array detection (TAD) (14): for each

pulse of the ion source, ion current at all arrival tines is recorded.

HBAIB Scans

Individual MS/MB scans are usually made: (a) when only a lhsited

alount of inforaation is desired for a salple, (b) when the sanple is

present for a period of tile that is too short for full data field



50

acquisition, or (c) when the sample quantity is too small to allow full

data field acquisiton. Figure 2.5 shows how the various [IS/DB scans

can be achieved using time-slice detection. A daughter scan (constant

parent scan) is made by scanning the aagnetic field while the ion

arrival time window remains fixed at the arrival time of the selected

parent ion, as shown in Figure 2.5a. The daughter mass is determined by

the product E-t. A parent scan (constant daughter scan) is aade by

selecting the value of B-t that corresponds to the selected daughter

ion lass, then scanning both B and t in a linked fashion so that the

product E-t remains constant. This scan is shown in Figure 2.5b. The

parent mass is identified at any point by the flight time. The neutral

loss scan (parent scan at constant neutral loss) is made by scanning

the arrival tine for a constant difference .3 = li-lz. This is also a

linked scan that follows Equation 13, derived by taking the difference

of Equations 5 and 9. The scan is shown in Figure 2.5c. Again, the

flight time identifies the parent mass.

  

(13)

A fourth scan, the stable ion scan, will produce a conventional

lass spectrum of stable ions with all daughter ions eliminated. This

could also be called a constant energy scan. As shown in Figure 2.5d,

B and t are scanned in a linked fashion so that the quotient B/t

remains constant according to Equation 12. Mass is identified by the

PI‘Od‘ICt, B. to
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daughter scan parent scan

(a) (constant parent scan) (b) (constant daughter scan)

a e \

t t

neutral loss scan stable scan

(0) (parent scan at constant (d) (constant energy scan)

neutral loss)

    

Figure 2.5. Expected location of ions in the B-t data

field for different types of MS/MS scans.
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Full Data Field Acquisition

Although a great deal of selectivity can be obtained with lass

spectraetry/lass spectraetry, single m/Ms scans (e.g., a daughter

scan of a particular parent) are sametiaes insufficient for identifying

a compound. Complex structure elucidation probleas often require the

aaximum aaount of spectral inforaation available on a caIpound. For

m/m this can lean measure-ant of all daughter ions of all parents --

the entire data field. From this data aatrix any lass spectral

information could be extracted. Any type of scan could be

reconstructed frm the aatrix of data points -- parent, daughter,

stable, and neutral loss. Deconvolution techniques could be used to

separate poorly resolved peaks. Energy distributions for dissociation

reactions could be aeasured. Overlapping peaks that night give rise to

artifacts in a daughter scan could be eliainated. All this information

would be available after the experiaent; one would not be placed in the

position of wishing that just one more aeasuraent had been made.

Full data field acquisition, also called metastable napping, has

been used to a limited extent with aultiple sector instruments (7-13).

One of the potential advantages of TRIBE over other techniques is the

speed with which the full data field could be obtained. In aultiple

sector instraents, either the magnetic or electric field is scanned

rapidly, while the other sector is increaemted between each scan. This

process can take several ainutes.
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With TEIMS, a time-of-flight spectrum can be obtained every 100 us

or less. If the time-of-flight spectra could be collected at this

rate, a single scan of the aagnetic field would produce the full data

aatrix. For parent ions of mass 20-500, the full data aatrix could be

obtained in just a few seconds even if several TOF spectra are averaged

at each increment of B. A computer system capable of this high speed

data acquisition is currently under develop-ant at M50 (14). With the

acquisition of the full data matrix for a compound in a.aatter of

seconds, GC/bS/IB and LCM/b8 experiaents would be greatly enhanced.

In addition, for less transient samples, the spectra could also be

further summed for taproved sensitivity.

Alternatellodes of'Operatian

Accelerating Voltage Scans

The preceding discussion on scanning has been based on a constant

accelerating voltage. This is because lost modern aagnetic sector

instruments are set up for constant accelerating voltage operation. An

alternate aethod of operation in TRIBE would be to keep either the

magnetic field or the sampled flight tine constant and use a variable

accelerating voltage. Mass assignment equations and scan laws are

siailar to those derived for constant V. The different scanning

methods are summarized in Table 2.1.
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TABLE 2-1. Parent and daughter scan methods

for constant V, B, or t.

constant 2 constant p constant t

Daughter Scan scan 8 linked scan of scan 8

(constant V and t

parent) constant t constant Vt2 constant V

Parent Scan ' linked scan of scan V scan V

(constant B and t

daughter) constant B-t constant t constant B
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(Scans of the accelerating voltage have been used with multiple

sector instruents to achieve daughter scans (15-19). There would be

one distinct advantage to scanning the accelerating voltage in TRIBE.

Fixed magnets are sasller and require none of the control circuitry

that scanning electroaagnets need. Thus a auch simpler instrulent

could be constructed, but performance would be compromised. The

accelerating voltage can usually be varied over only a limited range

and the ion source can becaae defocused as V is changed, resulting in a

loss of resolution and sensitivity (20). In addition, detector

response (21), CAD collision cross-sections (22), and the relative

contribution of initial theraal energy all change with different ion

energies .

Content fluent!- Acceleration

One further variation that is not possible with continuous ion

be. instruaents is constant momentu- acceleration (23). This type of

acceleration is achieved by switching the accelerating voltage off

before any of the ions traverse the full acceleration'field. The

advantage of constant aaaentua acceleration is obtaining an ion flight

tine that is linear in Bass, with a concoaitant increase in resolution.

However, the theraal energy distribution in the ion source has been

shown) to degrade resolution more for constant aoaentua acceleration

than for constant energy acceleration in a conventional tiae-of-flight

mass spectra-star (24).
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In the TRIBE instrument, any ion energy spread for stable and

daughter ions caused by constant momentum acceleration would not be a

problem since resolution and mass assignment are independent of the ion

energy. Thus linearization of the mass scale could improve the overall

resolution of the TRIBE instrument for stable and daughter ions.

Unfortunately, a decrease in the flight-time resolution with magnetic

dispersion will decrease the ability to precisely assign the parent

mass of any daughter ion, already one of the primary limitations of the

technique. In addition, achievement of true constant momentum

requires a very homogeneous acceleration region (25) which is

difficult, if not impossible, to attain when multiple lenses are

required in the ion source for proper ion optics in a magnetic sector

instrument. Even when this is possible, Poschenrieder (26) has shown

that constant mcmentum acceleration works best with inhomogeneous

magnets. For these reasons, we have chosen to limit our initial

experiments with TRIBE instrumentation to constant energy acceleration.

Su-ary

Time-resolved ion momentum spectrometry provides for the

separation and measurement of stable ions and daughter ions,

irrespective of ion energy, by simultaneous measurement of momentum and

velocity. The parent-daughter ion relationship is provided by the

daughter ion flight time. Any of the scans obtained with conventional

BE/BE instrtmants can be obtained by TRIBE as well. Daughter ion scans

are made by a simple scan of the magnetic field, keeping the supled



57

arrival time constant. Other types of scans can be obtained by linked

scanning of B and t. Each type of scan could also be reconstructed

from an array of intensities if all cadinations of B and t were

collected. Time-array detection offers the potential for efficiently

collecting the complete B-t data field for each sale.

Time-resolved ion momentum spectrometry, as a new technique for

performing BE/BE experiments, is an additional tool for the chemist

that caqlements already existing techniques, as will be demonstrated

in the chapters that follow.
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CHAPTER III

DEMATION

Any magnetic sector mass spectrometer should be adaptable to time

resolved ion momentum spectrometry by pulsing its ion beam and

time-resolving the detected signal. In fact, one of the advantages of

TREE is the possibility of retrofiting existing magnetic sector

instruments to make BE/BE available at a reduced cost. The goal for

this first inlementation of TRIBE is to achieve optimal resolution and

sensitivity by simple and inexpensive modification of a single magnetic

sector instrument while maintaining the instnment’s ability to

function as a conventional mass spectrometer. This chapter describes

the instrument, the modifications that have been made to it, and the

data system that is used for instrument control and data acquisition.

The Instrument

Time-resolved ion mememtum spectrometry has been implemented on an

LIB-9000 gas chromatograph-mass spectrometer (CC-BE). A relatively old

but functional magnetic sector instrument was chosen, mainly because of

its availability, but also because the instrument has a relatively long

flight path and the accelerating voltage is fairly high for an older

instrument.

Without any modifications, the NIB-9000 GC—BE is a single sector

instrument with a 60° magnetic sector, radius = 0.2 m, accelerating

60
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voltage = 3500 V, and flight distance from entrance slit to the exit

slit = 1.0 m. The mass range at full accelerating voltage is

approximately 800 daltons with a resolution mAam = 1000 (10% valley

definition) (1). The whole instrument is pumped by a single Edwards

EO4 diffusion pump (Edwards High Vacuum, Buffalo, NY). Inlets to the

ion source allow the introduction of samples via direct insertion probe

(DIP), heated gas inlet, or gas chromatograph (CC). A dual stage jet

separator is used for the 0C interface. A Hall effect prdbe is used to

measure the magnetic field strength. The ion detector is a discrete

dynode electron multiplier.

Modifications to the instrument have included addition of a new

detector, a flight tube extension, an additional diffusion pump, a

collision cell, and ion source pulsing circuitry. The modified

instrument is shown schematically in Figure 3.1. These modifications

are described below.

Ian BemmlPulsing

In order to measure the flight-time of the ions, a very brief

packet of ions must be created. A number of different approaches were

taken to achieve the best resolution and sensitivity. Regardless of

the method, it is essential to maintain the ion optics of the magnetic

sector instument so as not to destroy the magnetic field resolution.

Figure 3.2 is a scale drawing of the ion source region. Typical

voltages applied to each of the lens are: ionization chamber = 3500 V,
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extraction lenses = 3485-3500 V, focusing lens = 1700-2900 V,

deflection plates = 0-1200V. Not shown are the filament (3430 V),

electron lens (3430 V), and the electron trap (3550 V).

The initial attempt at ion pulsing was to deflect the ion beam

after full acceleration by following the method of Bakker (2,3). The

ion beam deflection plates, located immediately after the entrance slit

and normally used far focusing, were used to deflect the ion beam

rapidly across the exit slit and thus produce a packet of ions (4). As

shown in Figure 3.3, each deflection plate was connected to a separate

high voltage dc power supply. After the voltage on each plate was

adjusted to give maximum ion beam focus, a 50 V peak-to—peak square

wave signal was superimposed on the voltage of one of the plates to

deflect the ion beam. The circuit for generating the square wave is

shown in Figure 3.4. The beam was deflected away from the exit slit

during the RI and DO levels of the square wave so that only during a

portion of the rising and falling edges of the square wave was the been

focused on the exit slit. The rising edge of the square wave signal

was also used as a start time trigger for the time-resolved readout.

The poor time-of-flight resolution obtained with this approach led

to a second method of pulsing, ion beam deflection in the ion source.

One of the extraction lenses was biased positive with respect to the

other extraction lens by a 9 V battery, thus deflecting the ion beam

out of focus. An Avtech model AVI-V-N-A pulse generator (Avtech

Electrosystems, Ltd., Ottawa, Ontario, Canada) capable of 0-50 V

negative pulses, 5-100 ns variable pulse width, 5 ns rise and fall
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times, was electrically floated at the lens potential (see Figure 3.5).

By adjusting the voltages so that the ion beam would be in focus when

the pulse voltage was at its peak, a rapid pulse would produce a brief

packet of ions. Although good resolution was observed with this

method, sensitivity. was severely limited by the duty cycle. In

addition, the short pulse on the extraction lens did not strictly meet

the criterion for constant energy acceleration: the field must be on

until all the ions have traversed the full field.

A third method of pulsing utilized ion trapping and pulsed

extraction (5). The negative space charge of the electron be. was

used to trap ions after their formation (6,7). The electron be. was

turned. on and off by a deflection voltage applied to the electron lens

that surrounds the filament. The deflection circuit is shown in Figure

3.6. A —15 v bias applied to the electron lens is sufficient to

prevent electrons from entering the ion source. A +15 V pulse supplied

by a Chronetics model PG-33 pulse generator (Chronetics, Mt. Vernon,

NY) is than used to gate electrons into the ion source. A second

pulsing circuit (designed and built by’ Marty Rabb, MBU Chemistry

Department - see Figure 3.7) puts a negative potential (with respect

to the ionization box) on the extraction lenses to draw the positive

ions quickly out of the source. The extraction lenses are connected

together and biased slightly positive with respect to the ionization

box to prevent ions from leaving the sauce. The pulse is typically

-100 V with a fall time (transition time on the leading edge) of'5 ns

and duration of 41pm. A Wavetek model 802 pulse generator (Wavetek,

San Diego, CA) is used to drive this pulsing circuit.
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The earlier pulsing schemes all suffered from degraded pulse

shapes due to improper cabling and the use of the original high-voltage

vacuum feedthrus on the LIB-9000. Improved results were obtained by

installing MBV feedthrus (Ceramaseal, Inc. , New Lebanon Center, NY)

very close to the ion source and positioning the pulsing circuits at

the feedthru to minimize the cable distances.

The combination of electron lens gating and extraction lens

pulsing can be operated in three ways. (a) If the extraction lens is

biased to extract ions continuously, a rapid pulse of the electron beam

will generate -a packet of ions. (b) If the electron beam is left on

continuously, the pulse on the extraction lens will accelerate the ions

that were produced and stored since the last extraction pulse. In

addition, the extraction lens pulse is sufficiently negative to deflect

the electron beam and prevent ion fonmation during the extraction

pulse (u The electron pulse can generate and store ions for a

specified amount of’ time and then the extraction pulse can rapidly

accelerate those ions out of the ion source. Each of these three ways

has advantages in terms of resolution and sensitivity.

Ian Detection

A discrete dynode electron multiplier (RCA Electra-Optics,

Princeton, NJ) was used initially for ion detection. It was located in

the conventional position directly behind the exit slit. The conversion

dynode is a curved surface that might lead to degraded resolution for

timerofeflight measurements since different parts of the ion packet
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'could travel different distances. A channel electron multiplier array

(CEMA) (8) was chosen because of its flat front surface. The CEMA used

in this instrument is a Galileo FTD 2003 detector (Galileo

Electra-optics Corp., Sturbridge, MA). This detector is actually two

CEMA plates in a chevron configuration (9), with a special 50 ohm

impedance anode and a BNC output jack. The detector is attached to a

6 in Conflat flange (Varian Vacuum Products Division, Lexington, MA) by

a BNC-to-N adapter to a 50 ohm ’N'-type vacuum feedthru (Ceramaseal)

that carries the signal out of the vacuum. The BNC-to—N adapter

provides the necessary mechanical support for the detector. Voltages to

the CEMA plates also enter the vacuum through the Conflat flange via

four MRV feedthrus (Ceramaseal). The LED multiplier voltage power

supply was used with a simple resistor string voltage divider to produce

the proper voltage ratios for the CM plates. Since the front CM

plate is at a high negative voltage, a 70 mesh Nickel grid

(Buckbee-Mears, St. Paul, Bill) at ground potential was positioned 3 - in

front of the detector to maintain the field-free flight path in the

instrument.

The current from the detector is terminated through a 50 ohm

resistor to ground. The voltage across this resistor is amplified with

a wideband Camlinear E103 non-inverting amplifier (Camlinear Corp. ,

Loveland, CO) to produce a negative voltage that is subsequently

measured with the time-resolving electronics. For non-time-resolved

measurements, the current is sent into an op-amp current follower with a

10 Mohm feedback resistor.
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The CEMA is positioned approximately 0.5 m from the exit slit.

This position provides a longer flight path to improve the

time-of-flight resolution and to allow the ion beam to spread radially.

The exit slit is only a fraction of the size of the CEMA plate (1.5 in

diameter). By allowing the beam to spread out, more of the surface of

the CEMA is used, reducing the possibility of damaging some of the

channels with large beam currents. The extended flight path also

provides room for the placement of a diffusion pump in the detector

region.

Collision Cell

A collision cell was added to the LIB-9000 to allow collisionally

activated dissociation experiments to be performed. The simplest

approach was a "collision needle” (10) by which a stream of gas is shot

across the ion beam and into the throat of a diffusion pump. A 25 pl

syringe was used, mounted through a 3/8 in Cajon Ultra-torr adapter

(Cajon Co., Macedonia, OH). The syringe was placed directly above the

ion beam, approximately 3 inches from the entrance slit. It is

desirable to have the collision region as close as possible to the

entrance slit in order to optimize the resolution by taking advantage

of the focusing properties of the magnetic sector (11). Unfortunately,

inadequate pumping speed plus the lack of differential pumping in the

ion source region precluded the proper operation of the collision cell.

Addition of a jacket around the collision needle to direct the

collision gas toward the diffusion pump did not produce any better

results.
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The jacket was closed at the bottom to produce a collision cell,

as shown in Figure 3.8. Now, rather than a stream of gas, a

concentration of gas in the cell produces the collisions. The pumping

system is only required to accomodate the ”leakage" of gas into the

instrument through the slit in the cell. Making the slits narrower

(1/32 in) in the cell has further reduced the gas load on the system

(12).

Vacuum System

The unmodified LED-9000 used a single Edwards E04 diffusion pump

to evacuate the instrument. A separate Edwards E02 diffusion pump and

a mechanical pump were used to evacuate the inlet system. The flight

tube extension provided room to mount an Edwards Diffstak to pump the

detector region more adequately. The second pump is necessary because

the exit slit has relatively poor gas conductance as does the magnetic

sector region where the flight tube is constricted between the poles of

the magnet.

Differential pumping of the ion source and collision regions would

be desirable but the geometric constraints of the instrument prevent

this frtm being easily done.

The pressure in the ion source region is measured with a.CVC model

OPE-100 Penning gauge (CVC, Inc., Rochester, NY) mounted just above the

butterfly valve on the E04 diffusion pump. The pressure in the

detector region is measured with a Granville-Phillips model 274
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ionization gauge and model 270 gauge controller (Granville-Phillips

Co., Boulder, CO). The ionization gauge is mounted above the Diffstak

pump, next to the detector, with a Cajon Ultra-torr adapter. This

position is unfortunate because some of the ions farmed by the

ionization gauge make their way to the detector and cause a constant

background at higher electron multiplier voltage settings. Therefore,

the ionization gauge is not operated during experiments.

The backing pump pressure for the diffusion pumps is monitored

with Granville-Phillips model 270006 thermocouple gauges which are also

connected to the model 270 gauge controller. An LKB pirani gauge is

used to measure the inlet system pressure.

Typical background vacuum in the instrument is 2x10‘7 torr as

measured by the Penning gauge and 8x10‘3 torr as measured by the

ionization gauge. During operation with no collision gas, the Penning

gauge remains below 10“ torr and the ionization gauge remains below

10” torr. With collision gas, the Penning gauge may reach 5x10'5 torr

and the ionization gauge 1x10‘° torr.

Data/Control SystemI- Hardware

The complexities of modern instrumentation make computers a

necessity, not just a convenient option, for control of experiments and

acquisition of data. Most mulitidimensional or ”hyphenated" techniques

such as mass spectrometry/mass spectrometry rely quite heavily on
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computer syst- in order to optimize their performance. Time-resolved

ion momentum spectrometry is no exception. Early experiments with

TRIBE utilized either an oscilloscope or a PAR 162/164 boxcar

integrator (Princeton. Applied Research Corp., Princeton, NJ) for data

acquisition. Simple experiments took hours and manual processing of

the data required days. These results demonstrated that a data/control

system is a necessity for rapid data acquisition and for performing

linked scans by TRIBE. This section describes the data/control system

that was developed for the TRIMS instrument (13,14).

Microcquter Syst-

The microcomputer system used for TRIBE was developed at BEU by

Bruce Newcame (15) and has been implemented on a nwer of different

instruments. The syst- is designed for maximum flexibility, ease of

construction and modification, and minimal cost. An additional

advantage of this system is the large amount of software that is

already written for mass spectrometry applications (16-18).

Figure 3.9 is a block diagram showing the general features of the

system. The microprocessor controls the ion source pulsing, the

magnetic field setting, and the flight time at which ions are sampled.

The dashed box in Figure 3.9 encloses the components of the LED-9000.

The delay generator and gated integrator form a digital boxcar

integrator for time-resolved detection. The ion signal intensity and

the magnetic field strength, as measured by the Hall probe, are
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digitized by the analog-to-digital converter (ADC). A disk-drive,

terminal, and serial co-unication link to a PDPll/24 minicamputer

provide external ca-unication and storage for the microcomputer.

A more detailed schematic of the system is shown in Figure 3.10.

The central feature is the ”Bruce-bus," located on a ”motherboard,”

that provides access to all data, address, control, and power lines.

Individual modules are added to the motherboard, each serving a

specific function such as CPU, RAM, ADC, etc. A cmter can thus be

tailored to fit exactly the needs of a particular system by adding the

needed modules: The computer can be further expanded by using several

motherboards, interconnected via a backplane. The backplane also

furnishes power to the systa and connections to external devices. A

listing of the modules used in the TRUE system is given in Table 3.1.

The microprocessor is a 16-bit Intel 8088 (Intel Corp, Santa

Clara, CA). An Intel 8087 math co-processor adds 64 bit hardware

floating-point capabilities to the system. The operating syst-

resides on 8 kbytes of arson. Program and some data are stored on

40 kbytes of RAM. The peripherals and input/output devices are

memory-mapped onto the remaining 16 kbytes of the basic 64 kbytes of

memory space. An additional 16 kbytes of RAM are located in extended

memory which can be accessed by changing the segment registers of the

8088. The extended memory is used for storing the mass-intensity pairs

for each scan. Serial ca-unication lines (RS-232, 9600 baud) are

connected to a DEC VT-100 terminal and a PDPll/24 minicamputer. The

VT-100 has graphics capabilities (Selenar Corp., Santa Clara, CA) and
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TABLE 3.1. Function modules used in the

TRIMS data system.

module

8088 CPU

8087 adapter

RAM/ROM

Dual USART

Address Extender

Chip Select

SASI Interface

Parallel I/O

Softknobs Interface

12-bit ADC

Real Time Clock

Active Terminator

lG—bit DAC‘

Differential Multiplexer

Multi-amp*

Lg

8088, 8259A

8087, 8288

TMM2016

8251A

8255A

AD574A

MM58167A

AD7546KN

AD7507KN

OP07, LM311

74LS TTL logic chips are used throughout

*Modules not mounted on a motherboard



82

hardcopy of the screen can be made with an Axiom Ex-850 video printer

(Axiom Corp., San Fernando, CA).

All data and programs are stored on a 5 Mbyte Seagate ST-506

Winchester disk (Seagate Technology, Scotts Valley, CA). Backup is

made with a Shugart SA800 8 inch floppy disk drive (Shugart Assoc.,

Sunnyvale, CA). A DTC-S35 disk controller (Data Technology Corp.,

Bedford, MA) is interfaced to the computer bus via a SASI (Shugart

Assoc. Standard Interface) disk interface module. A real-time clock

provides time-intervals for various routines as well as dates and

times. Two parallel input-output (PI/O) modules are used, one to drive

the remote DAC and the other to set the delay time for the delay

generator. An 8-channe1 differential multiplexer and 12 bit ADC are

used to acquire the ion intensity from the gated integrator and to

acquire the magnetic field strength from the Hall probe.

More detail of the data acquisition and instrument control

subsystems will be given in the following sections.

Ian Source Pulsing

The pulsing circuits shown in Figures 3.6 and 3.7 are driven by

the microcomputer and a pair of pulse generators. The circuit

connections and a timing diagram are shown in Figure 3.11. A pulse

from the microcomputer triggers the Wavetek pulse generator. The pulse

generator delivers a sync pulse coincident with the trigger which

serves to trigger the Chronetics pulse generator. The amplitude and
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width of the pulse to the extraction lens are adjusted manually on the

Chronetics pulse generator. The delay between the electron pulse and

the extraction pulse is adjusted nanually on the wavetek pulse

generator. The timing and pulse widths are adjusted while observing

the ion signal on an oscilloscope.

llagnet Control

The magnet can be controlled either manually or by the computer.

For digital control, a 16 bit DAC supplies a voltage to the magnet

controller. The DAC board, shown schematically in Figure 3.12, is

remote from. the microcomputer and is optically isolated to provide

noise immunity. The digital signal is sent through a PI/O board to the

DAC. For convenience in focusing, the digital signal can be manually

controlled by a set of "softknobs" (19). These are rotary shaft

encoders (Panelcoder model 62, Disc Instruments, Costa.Mesa, CA) that,

through the softknobs interface, can change the digital value sent to

the DAC.

The voltage from a Hall prdbe is used to aeasure the magnetic

field strength. In order to obtain better resolution of the signal, a

multiple amplifier board (19) is used to increase the range of the

measurement. The multiamp board provides amplifications of x1, x2,

and x4. A comparator on the output of each channel is used to

deter-ins which channels, if any, have reached the 10 V upper limit of

the 12 bit analog-to-digital converter. The comparator outputs are

queried by the microcomputer to determine which amplifier to read. By
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this multiplexed technique, a larger dynamic range can be obtained.

The magnet control system can be used in two ways. For a scan,

the magnet current can be continually incremented and the Hall voltage

read whenever knowledge of the magnetic field strength is required,

e.g., when a peak is detected. Alternatively, the Hall voltage can be

read continuously as the magnet current is changed until a specified

field strength is reached, in essence , a program-controlled feedback

mechanism. This latter method could be used, for instance, to set the

starting magnetic field value for a scan.

Data.Acquisition

Time-resolved “detection schemes. Sensitivity in TRIMS is partly

dependent on the efficiency of the detection electronics. If every ion

that reaches the detector is used for the measurement, there will be

greater sensitivity than if only a fraction of those ions is used.

Time—resolved detection schemes can be placed in one of two general

categories: time interval measurements and timed amplitude measurements

(20).

Time interval measurements are pulse counting measurements in

which the measured quantity is the time between a start signal (e.g.,

ionization/acceleration event) and the detection of an ion. The

electronics often allow multiple stops for each start signal and

utilise one or more time-to-amplitude converters (21) or high-speed
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counters (22-25) to measure the time intervals. A multichannel scaler

is then used to log and accumulate the number of ions that are detected

at each arrival time. After many repetitions, an averages spectrum is

produced. This method can only be used for low ion fluxes, e.g., <15

ions per start signal, each separated by )7 ns (24), or hundreds of

ions per start signal, but each separated by >900 ns (23). Hundreds or

thousands of repetitions must be averaged to obtain reasonable

intensity accuracy, but very high timing precision can be achieved.

Timed amplitude measurements, on the other hand, measure the

amplitude of the ion signal during a narrow time-window at a specific

delay time after the start signal. By monotonically increasing the

delay time after successive ionization/acceleration pulses, a spectrum

can be acquired. ' This process is called time-slice detection (TSD)

(26). A sampling oscilloscope (27-29) or a boxcar integrator (30) is

normally used to make these measurements. Since only one time-slice is

sampled after each ionization/acceleration pulse, many thousand pulses

are required to obtain a full spectrum (10,000 in the TOP application,

or 1 spectrum each second). Signal averaging during each-time-slice,

if required, further increases the analysis time. An alternative to

TSD is time-array detection (TAD) (26). In TAD, the ion signal

amplitude is measured during 9;; time slices following each

ionization/acceleration pulse. A transient recorder can be used to

achieve this function (31-33). Hawever, current commercial transient

recorders are limited either by the maximum repetition rate for signal

averaging or by the time required to dump the acquired transient before
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another one can be acquired. Only 1-100 transients/second can be

obtained presently, or less than one transient out of a thousand in the

TOP application.

An extension of the transient recorder would not only average full

time-scans, but would continue data acquisition while an averaged scan

is being dumped to a disk. No information would be last. A device

called an integrating transient recorder (ITR) is currently under

development (26) and should, when available, boost sensitivity for full

data matrix acquisition by several orders of magnitude over that

presently obtainable.

For this implenentation of TRDB, we chose to employ TSD

detection. Individual 116/MS scans in TRIMS require only a single

time-slice at each. magnetic field setting, and TSD provides the

l

necessary repetition rate and signal averaging capabilities.

The digital ngggg integgator. The core of the time-resolved

detection electronics is the digital boxcar integrator, consisting of a

progra-able delay generator (model 4145, Evans Assoc., Berkeley, CA)

and a PAR 165 gated integrator. The delay generator provides delay

times in 10 ns increments from 100 us to 1 ms. The gated integrator

has selectable aperture durations of 2, 5, 10, and 15 nanoseconds, plus

continuously variable durations from 20 as to 50 ms. The components of

this system are shown in Figure 3.13. This figure also shows the extra

connections that are necessary for the gated integrator because it is

operated without a PAR 164 boxcar mainframe.
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The boxcar operates in the following manner. The delay time is

set on the delay generator by the PI/O. A pulse fro. the

microcomputer, concurrent with the pulse sent to the pulsing circuitry,

triggers the delay generator. After the delay time, a trigger is sent

to the gated integrator to acquire the ion intensity from the detector.

The ion intensity at one delay time from any number of ion source

pulses can be integrated to improve the ion statistics before the

signal is digitized. This process yields the ion intensity at just one

delay time (flight time). Other delay times can be sampled by changing

the delay before the next set of pulses.

There are several parameters that require manual adjustment on the

PAR 165 gated integrator. The aperture duration (time bin width) can

be set for 2, 5, 10, or 15 ns. Longer durations can be set with

jumpers on the interface board. Since the delay generator has 10 ns

resolution, the same resolution is usually set on the gated integrator.

The sensitivity and time-constant switches can be set according to the

signal intensity and dynamic range requirements. The sensitivity

switch determines the gain of the input - amplifier

(50 mV --> gain = 200, 100 mV -> gain = 100, etc.). The time-constant

determines the size of the capacitor in the feedback loop of the

integrator. A small time constant will give better sensitivity; a large

time constant will provide a larger dynamic range.
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Data/Control System - Software

The FORTH language (Forth, Inc., Hermosa Beach, CA) was chosen for

the TRIMS data system. FORTH is an excellent language for instrument

control with a microcomputer (34). It has many of the features of an

assembly language such as easy access to memory locations and fast

execution speed, yet it has many of the attributes of a high level

language such as ease of programming. Bach command in FORTH is a

”word.” The function of a word might be as simple as storing a value

at a specific memory location. A word can also be made up of other

previously defined words; thus a vocabulary of’ more and more

complicated words can be built. Eventually one can construct a series

of high level commands (words) that carry out complicated functions.

For instance, the word SSCAN might do all the instrument control and

data acquisition functions to acquire a stable ion linked scan and

write the data to a disk file.

FORTH is not just an extensible language but also an operating

system and an editor. FORTH also allows words to be written in

asselbly language when execution speed is critical. FORTH code

executes faster than higher level languages, it generally takes up much

less me-ory, yet it is easier to write and debug than asseflaly language

code.

Another consideration in choosing FORTH was the large amount of

applicable software that had been written in FORTH for the triple
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quadrupole mass spectrometer.

FORTHIHSAHS Software

A fairly extensive set of software routines has been written for

the triple quadrupole mass spectrometer (16-18). A list of the major

features of this system is given in Table 3.2. The system is

especially suited for controlling the many parameters that are found on

the TOMS, such as the lens and quadrupole voltages. Although most of

the words are written in FORTH, sane of the low-level routines such as

the ADC driver and the peak-finding algorithm are written in assembly

language to optimize the execution speed.

The data format and file structure utilize the FORTH File Manager

(Forth, Inc.) software package. The disk drive is divided into several

files, the size of each being determined at the time of syst-

building. Each file is composed of a series of variable length

experiments, each of which, in turn, is made up of a series of variable

length scans. Each experiment and scan has a header record associated

with it that tells the system its size as well as other information.

Each scan also has a parameter record that lists all the parameter

values for that scan.

Conmunications with the PDPll utilizes three routines. TALK (35)

allows the microcomputer terminal to act as a dumb terminal on the

PDPll. FORTHPIP (36) is a utility for uploading and downloading FORTH

programs and data, and for converting files from FORTH format to DEC
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TABLE 3.2. Main operating features of the TRIMS

data system software.

Routine

Variable Device

Control Table

Variable Device

Parameter Table

DEVICE-ADDRESS

DATA-BUFFER

DISPLAY routines

DLIST

ll-COMMUNICATIONS

SOFTKNOBS

SCAN routines

Parameter Editor

comments

control parameters each device:

range of values, print format, status

values for each device

address for each device or DAC

RAM storage of data

graphics

data listing

routines to transfer data to PDPll

manual control of variable devices

data collection

screen editor for changing variable

device values
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RSX Files-ll format. UPLOAD (37) provides for transferring whole

experiments to the PDPll with subsequent reformatting for the

multidimensional data base in our laboratory.

Software Modifications for TRIIB

Several additions and modifications were made to the T018 software

to adapt it for TRIMS. These modifications involved changing the

variable device control table, rewriting the ADC and DAC drivers, and

modifying the scanning algorithms to achieve the proper pulse sequences

and repetition- frequency. In addition, the scanning and calibration

routines had to be rewritten to accomodate the magnetic sector and

flight time characteristics.

Calibration. Calibration of the TRIPS instrument is achieved by

separate calibrations of the mapletic field and time-of-flight. To

calibrate the magnetic field, the instrument is first set up for taking

lass spectra without time resolution, i.e., conventional mass spectra.

The magnet must first be scanned several times in order to set up the

flux patterns. Then a scan of the calibration compound is taken with

the data syst- and a list of the Hall values and ion intensities for

all the peaks is generated. A. calibration table, previously

constructed, contains the masses for the calibration capound. From

the list of peaks, the operator chooses the Hall values for the two

lowest masses in the calibration table. The data syst- then does a

linear extrapolation from those two values and calculates the expected

Hall value for the next mass (38). The list of peaks is searched and

the Hall value closest to the calculated value, if present within a
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specified window, is picked. This observed value is used to calculate

the Hall value for the next mass in the calibration table. The process

continues for all masses in the calibration table. This method is used

because although the relationship between the mass the and square of

the Hall value is ideally linear, there are small but reproducible

variations in the linearity (produced by slight inhomogeneities in the

magnetic field) which require corrections every 40 or 50 daltons.

After the linear extrapolation a table is printed with the old

Hall value (from the previous calibration), the calculated Hall value,

the observed new Hall value, and the observed peak intensity for each

mass in the calibration table. If the values are satisfactory, the

operator stores these new values in the calibration file. subsequent

mass assignment far any peak is made by linear interpolation between

values in the calibration table.

To calibrate the time—of-flight, the instrument is set up for ion

source pulsing and time-resolved detection. For each mass in the

calibration table, the instrument slowly increments the magnetic field

in the region where those ions are expected to appear. A time scan is

taken far each increment of the magnetic field and the flight time of

the largest peak, if any, is recorded. After incrementing the magnetic

field across the entire peak, the time and magnetic field strength

corresponding to the overall maximum intensity found by all the time

scans are recorded. The mass-time values far two of the masses are used

to calculate a calibration line from which all time—of-flight mass



96

assignments are made. This type of calibration is possible for the

mass-time relationship because it is much.more linear than the magnetic

field-mass relationship. The Hall values acquired during the pulsed

phase of the calibration are placed in a second calibration table from

which mass assignments are made by linear interpolation during pulsed

experiments. This second mass-Hall value calibration table is

necessary because ions appear at slightly lower magnetic field

strengths when they are accelerated by pulsed extraction, as described

in Chapter 5.

At this point, the mass of any stable ion can be calculated from

either the Hall value or the flight time at which it appears. In

addition, the flight time of a daughter ion will identify its parent

mass. Without any further calibration the daughter ion mass can also

be calculated. Equation 11 of Chapter 2 shows that the apparent mass

ls"I for a daughter ion is related to the parent and daughter ion masses

by m‘=m;/ml. The magnetic field calibration provides the apparent mass

m! far the daughter ion and the flight time calibration gives ml. Thus

the product of the two yields ma, i.e., the mass of any stable or

daughter ion is calculated from the square root of the product of the

flight time mass and the Hall value apparent mass.

This mass assignment can also be derived from Equation 9 of

Chapter 2, the B-t equation for stable and daughter ion masses. The

magnetic field strength at which any ion is observed is proportional to

the square root of its mass according to Equation 8 of Chapter 2. The
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square root of the mass obtained from the magnetic field calibration is

really a measure of the magnetic field strength actually experienced

by the ion, having been corrected for slight non-linearities in the

field that cause the Hall probe to sense a slightly different field.

Likewise, the square root of the mass derived from the flight time

calibration is a measure of the flight time. The product of these two

empirically derived values, then, is proportional to B-t, and hence, to

the mass.

Scannigg figggg. Table 3.3 lists the types of scans that can be

performed with- the TRIMS instrument. A SCAN covers a certain mass

range and utilizes the peak-finding algorithm to produce mass-intensity

pairs. A SWEEP covers a certain range of either the magnetic field or

flight time, recording the intensity at every value that is sampled;

neither peak-finding nor mass assignment is performed in real tune.

In both a SCAN and a SWEEP, each data point is an integrated

intensity. The number of pulses that are integrated for each point is

determined by the AVG parameter in the variable device parameter table

(VDPT). During the integration period, the magnetic field and sampled

flight time are not changed.

The DSCAN requires the sampled flight time to be set, depending on

the parent mass. The magnet is scanned (incremented) over the range

where daughter ions could appear, i.e., up to the parent ion mass. The

other types of SCAN’s are linked scans; each time the magnetic field is

incremented, the computer must read the Hall value and then calculate
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TABLE 3.3. Scans available with the TRIMS data system.

header

£222 £222 ESEQ £229 22; SQEEEEEE

magnet scan BSCAN 0 no time resolution

stable scan SSCAN 1

parent scan PSCAN 2

daughter scan DSCAN 3

neutral loss scan NSCAN 4

magnet sweep - MAG SWEEP 5 records magnet DAC values

time sweep TIM SWEEP 5 records time values

energy sweep ESWEEP 5 records energy values

time scan ‘ TSCAN 6 used for data.matrix

acquisition
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and set the proper flight time according to the scan law and the

calibration tables. With computer control over both the magnetic field

and flight time, any scan law can be implemented. The floating point

numeric co-processor (Intel 8087) makes the software simple to write

and provides rapid execution.

11 data field acquisition with scan reconstruction. An
  

alternate method of data acquisition, when the maximum amount of data

is desired, is to acquire the entire three-dimensional data matrix (ion

intensity at all values of B and t). From this matrix, the data points

for any scan chn subsequently be extracted and the scan reconstructed.

This matrix is easily acquired by performing multiple time scans,

incrementing the magnetic field between each. The SEC DEV (secondary

device) parameter .keeps track of the Hall value for each scan. A

series of routines can-go into this matrix of data and extract from it

a set of points corresponding to any desired scan.

Several different techniques can therefore be used to acquire

MS/MS spectra: individual scans or sweeps, or full data matrix

acquisition. These options give the operator maximum flexibility for

carrying out an experiment. The farmat of the data is the same as that

for the was, so all the data processing, plotting, archiving, and

spectral searching routines written for the was on the PDPll system

(39—41) can be used. In addition, the software on both the TRIMS and

TOMS instruments is very similar, so anyone familiar with one system

can readily learn to operate the other.
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CHAPTER IV

EVALUATIONWOF INSTRUMENT PERFORMANCE

Introduction

The instrumentation described in the previous chapter has been

used to confirm the theory that was developed for TRIBE. This chapter

describes the mass separation and mass assigment capabilities of

TRIBE. Examples of all types of BE/BE scans are shown in order to

prove the viability of the technique for BE/BE experiments. Peak

contours in the B—t data field are evaluated to show that they arise

from ions with initial spatial and energy distributions in the ion

source. Evaluation of the resolution and sensitivity is then made to

demonstrate the performance of the present implementation and to

predict the potential usefulness and limitations of the technique.

Omar-ism of Results and Theory

A single cmpound, n-decane, was chosen to test the theory of

TRIBE. With over 100 metastable decompositions (1,2), n-decane

provides many daughter ions with which to demonstrate the principles of

this technique. The data in this first experiment, obtained before

construction of the microcomputer system, were taken with a PAR 162/164

analog boxcar integrator (Princeton Applied Research Corp., Princeton,

NJ) and recorded on strip chart paper. Pulsing was produced by beam

deflection (3).
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The most intense stable ions were used for calibration in this

experiment. The measured flight time and magnetic field strength

values for these peaks are given in Table 4.1. The magnetic field

strength was measured with the Hall probe and digitized using a PDP8/e

computer (4). These digitized values are proportional to the magnetic

field strength and are listed as fsu (field strength units). The ion

masses and.measured flight time values were fit by linear least squares

regression to the conventional tine-of-flight equation (Chapter 2,

Equation 4) and a timing offset was calculated to correct for delays in

the electronic measurement and pulsing. A large electric field existed

in the region- between the exit slit and the conversion dynode of the

electron multiplier. The increase in ion energy produced a larger

increase in velocity for daughter ions than for the parent ions. A As a

result, daughter iOns apeared at slightly shorter arrival times than

their parent ions. TherefOre, a second correction to the flight time

was necessary to account for ion acceleration near the electron

multiplier (3).

The ion masses and.magnetic field values were likewise.fit to the

conventional magnetic sector equation (Chapter 2, Equation 4) and an

offset was calculated for the Hall values. The flight time and

magnetic field values, corrected for offsets, are also listed in Table

4.1. Using the corrected values for B and t, the data in Table 4.1

were fit to Equation 9 of Chapter 2 (the B-t mass assignment equation)

to Obtain a value of er/d = 0.2423t0.0003 Da us’1 fsurl. This value

was used far subsequent mass assignment based on B and t.
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Table 4.1. Stable ion flight time and magnetic field measurements

for n-decane.

actual

mass tmsas tcorr Bmees Bcorr

39.0 9.08‘us 7.58‘us 21.19 fsu 21.33 fsu

41.0 9.28 7.78 21.70 21.84

42.0 9.34 7.84 21.95 22.09

43.0 9.44 7.94 22.23 22.37

56.1 10.59 9.07 25.36 25.50

57.1 10.67 9.15 25.57 25.71

70.1 11.66 10.13 28.37 , 28.51

71.1 11.74 10.21 28.57 28.71

84.1 12.66 11.12 31.06 31.20

85.1 12.72 11.18 31.26 31.40

99.1 13.64 12.09 33.75 33.89

113.1 14.46 12.90 36.08 36.22

142.2 16.01 14.43 40.48 40.62

*fsu = field strength units (see text)

Reprinted with permission from ref. 3. Copyright 1983 American

Chemical Society.

 



 

106

A search was made for the most intense of the n-decane daughter

ions produced by metastable decomposition. A list of the peaks

observed is given in Table 4.2 along with the measured and corrected

values for the flight time and magnetic field strength. The value of

er/d calculated from the stable ion calibration was used to calculate

the daughter ion masses, based on Equation 9 of Chapter 2. Likewise,

the corrected flight time was used to calculate the parent ion mass.

The correspondence between the actual and calculated masses is very

good, considering the poor resolution observed with the first

implementation and the slight non-linearities in the mass-field

strength calibration.

The stable and daughter ions from Tables 4.1 and 4.2 are plotted

in Figure 4.1 as dianonds in the B-t data field. The dotted lines were

calculated frm the calibration for constant daughter and constant

parent masses.

The accuracy of the parent and daughter ion mass assignments

demonstrate that knowledge of the flight time and magnetic field

strength at which an ion is observed does provide the necessary

information for both parent and daughter mass assignment. The product

B-t can be related to the mass of a given ion, the particular values of

B and t being determined solely by the ion energy. The close

correspondence between the B-t plot of Figure 4.1 and the theoretical

B-t plot (Chapter 2, Figure 2) further supports the developed theory

and shows that TRIMS successfully separates daughter ions from stable

ions in a magnetic sector instrument.
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Figure 4.1. Observed peaks for n-decane (indicated by diamonds)

in the B-t data field. The dotted lines are calculated from

the calibration (see Table 4.1).
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BE/BE Scans (btained with the Data Acquisition/Control Systa

The calibration accuracy and linked scanning capabilities of the

data system are demonstrated in this section, again with n-decane.

Calibration was achieved by the procedure outlined in Chapter 3.

Either n-decane or perfluorokerosene (PFK) was used for calibration.

A conventional mass spectrum of n-decane utilizing no pulsing of

the ion source and no time resolution of the signal is shown in Figure

4.2a. A stable ion scan, obtained with a pulsed ion source, is shown

in Figure 4.2h. The latter scan requires that the flight time be

linked to the magnetic field strength. The close agreement of the two

spectra demonstrates the accuracy of the linked scanning procedure.

Differences between the two spectra may be due to the lower sensitivity

of the stable scan, and slight imperfections in the calibration used to

generate the linked scan. The stable scan eliminates the contributions

of any metastable peaks to the mass spectrum. There is little evidence

for metastable peak discrimination in Figure 4.2, however. There are

two reasons that usually preclude the appearance of metastable peaks in

conventional mass spectra which are acquired by a computer: (a)

metastable peaks are often superimposed on stable ion peaks, (b) most

peak finding algorithms do not identify the broad, low level metastable

peaks.

Figure 4.3 shows the daughter ion scans of several n-decane parent

ions. Although daughter ion scans do not require changing the sampled

flight time during data acquisition, measurement of the flight time as
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Figure 4.2. Conventional mass spectrum (a) and TRIMS

stable ion scan (b) of n-decane.
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Figure 4.3. Selected daughter spectra of n-decane for ions

formed by metastable decomposition.
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well as the magnetic field strength are needed to assign the daughter

ion aasses accurately. The less assignments in Figure 4.3 match those

expected (see Tables 4.1 and 4.2). The pulsed extraction technique

used for these spectra provides better sensitivity than the original

bea- deflection technique used to produce the data in Figure 4.1. The

increased sensitivity is evidenced by the appearance of additional

peaks at n/z 98 and 112 in the daughter spectrum of parent mass 142.

The technique, however, still lacks the sensitivity to observe the very

low intensity daughter ions of n-decane that been found with other

techniques (1,2).

Figure 4.4 is a parent ion scan of n-decane daughter less 57. The

parent ion scan requires that the magnetic field strength and flight

tile be scanned in a linked aanner so that the product B-t remains

constant; as the magnetic field strength is increased, the time at

which the aeasurement is Iade is decreased. Again, the linked scan was

accurate enough to obtain the expected peaks (see Table 4.2) and the

calibration accurately assigned the parent masses, based on the ion

flight tine.

The final type of MS/MS scan and generally the most difficult to

obtain is the neutral loss scan. Figures 4.5a and 4.5b show neutral

loss scans of n-decane for losses of 28 and 42 daltons, respectively.

More accurately, this scan should be called a parent scan at constant

neutral loss. For example, Figure 4.5a shows that parent masses 85,

99. and 113 all produce daughter ions by loss of 42 daltons. The

neutral loss scan is a linked scan in which the difference between the
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Figure 4.4. A typical parent spectrum of n-decane
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parent and daughter ion masses must be kept constant while scanning

both 3 and t. Although the scan function is complex, the data syste-

can easily follow it, as these scans demonstrate. The observed peaks

latch those found in Table 4.2.

As mentioned briefly in Chapter 2, MS/MS scans can also be

obtained by first collecting the full MS/MS data field and then

extracting points for the desired scans from that natrix of data. The

present data system would require an inordinate amount of time and disk

space to acquire the full data field for even a moderate size compound.

However, a snail portion of the data field for benzene has been

obtained to show the utility of this data acquisition lethod. Figure

4.6 shows the nolecular ion region of benzene. No ion abundance

information is displayed in this plot, only the locations of the ions

in the B-t data field. Three-dimensional, contour, or color plots,

which also display ion abundance data, would be more inforaative. From

a complete data field, one would have information not only on ion

masses and abundances, but also peak shapes and kinetic energy release

for metastable decompositions. Poorly resolved peaks would be apparent

as would any artifact peaks that night be present in an individual lass

scan. Individual scans could be obtained by "scanning" the data file,

using the same scan functions and calibration as for a normal scan.
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Collisional Activation

Metastable decompositions can reveal much about the fragmentation

pathways of ions and can be useful for identifying ion structures.

However, they are usually observed for a limited number of ions and

when present, are generally found in very small abundance.

Collisionally activated dissociation (CAD) can produce daughter ions

which are not for-ed by metastable decomposition, and can produce them

often in much greater numbers, leading to an increase in both the

qualitative and quantitative information available from MS/MS scans.

More of the details of CAD are given in Chapter 1.

Initial trials in which a ”collision needle" (5) was used to

introduce the collision gas were unsuccessful because the single 4-inch

diffusion pump on the ion source region of the instrument was unable to

accomodate the increased gas load. The needle was converted to a

collision cell that showed much better efficiency and reduced the gas

load on the pumping system. This cell was used for the CAD

experiments. The cell has been improved by reducing the ion beam

apertures to decrease the gas load further (6). Deuterium was used as.

the collision gas which was added until the parent ion beam intensity

was attenuated by 758 (6,7).

Daughter ion scans were obtained for parent ion mass 105 of

aesitylene (1,3,5-trimethylbenzene, MW=120). Figure 4.7a shows the

daughter ions produced by metastable decomposition. Figure 4.7b shows

the daughter ions produced by CAD. Although masses 53 and 79 have
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metastable components, they also show an increase in intensity in the

presence of collision gas. These spectra represent several scans,

summed to increase the signal-to—noise level. Peaks appear at

non-integral masses because of their mass defect and/or because of

calibration inaccuracy. The peak-finding algorithm does not currently

round off to nominal masses.

The pumping system still is not adequate for flaking good CAD

measurements. To obtain the results in Figure 4.7b, the pressure in

the ion source/collision region reached 4x10‘5 torr as indicated by the

Penning gauge.- Taking into account the increased sensitivity of the

ion gauge to deuterium over air, this represents a pressure of lxlO"

torr in this region. This value indicates that collisions are probably

occurring along the entire flight path between the ion source and the

magnetic sector. The lack of a single collision "point” reduces the

sensitivity and resolution because the focusing properties of the

aagnet are not fully utilized. Fortunately, the pressure on the

detector side of the magnet remains at about 2x10'° torr during the CAD

experiments, so losses due to collisional scattering in this region are

ainimal. Increased pumping capacity and/or a more efficient collision

cell are needed to iaprove the CAD seasurements.
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Resolution

lesolution for Stable Ions and Daughter Ions

A discussion of resolution can be divided into two parts, one

concerning the performance of the instrument and the precision of the

measurement (the instrument resolving power), the other regarding the

observed peak widths (the mass resolution). Both types of factors

contribute to the overall resolution and mass assignment precision, as

will be seen. The factors contributing to the imprecision in the mass

assignments of- both parent and daughter ions are principally the

imprecision in the seasurements of flight time and magnetic field

strength. The precision in the magnetic field measurement is

determined by the field inhomogeneity, field stability, the effect of

fringing fields, as well as the precision of the simal frm the

magnetic field sensor, and the accuracy of any calibration procedure.

The uncertainty in path length is determined partly by slit widths and

partly by the focusing action of the magnetic sector. The resulting

mass uncertainty due to the magnetic sector should be the same as that

obtained with the aagnetic spectrometer operated in the normal

(non-time-resolved) mode with monoenergetic ions formed at a single

point in the ion source. Tiling precision is limited by the

uncertainty in the start time, the accuracy in measuring the delay

tine, and the aperture window of the sampling electronics. Precision

in the flight length is determined by the depth of the ion volume

sampled and by the different paths through the magnetic sector due to

first-order focusing in the sector. Flight time precisions comparable



 

121

to those obtained with conventional time-of-flight mass spectrometers

when measuring monoenergetic ions with no metastable decompositions

should be achievable (0.5-1.0 parts per thousand).

The diagram in Figure 4.8 is an expanded portion of a hypothetical

B-t plane for two stable ions differing by one mass unit. The solid

curves represent the locations in the B-t data field where ion

abundance is expected due to energetic variations when the uncertainty

in the radius and path length is zero. The shaded regions containing

the solid curves represent the "width" of each curve caused by

uncertainties in the radius and path length. The density of the

shading represents the expected ion abundance. The uncertainties in B

and t are also shown. Energy differences in ions of the same mass will

cause them to spread out along the lines of constant D-t as shown by

the length of each curve but will cause no increase in the width of the

line. For a single mass, higher energy ions appear at shorter arrival

tines and higher field strengths than ions of lower energy. This

energy spread in ions of the same mass affects the separate resolutions

of B and of t but not of B-t. Thus, resolution in two dimensions and

the use of the B-t product for mass assignment remove the effect of

energy spread as a factor in mass determinations. Hence, the

time-resolved ion momentum spectrometer should provide unit mass

resolution to 1000 mass units for both stable and daughter ion masses.

Additionally, measurement of the distribution of ion current along the

line of constant B-t will provide an energy spread profile useful for

studying the energetics of ion fragmentation.
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Figure 4.8. Demonstration of TRIMS resolving power for two stable

ions of adjacent mass in a hypothetical B-t data field. Bottom

axis shows expected peak overlap for no magnetic field

resolution. Left axis shows expected peak overlap for no time

resolution. Top shows expected peak overlap for a time scan

at constant B.
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The diagram in Figure 4.8 can also be used to compare the

resolutions expected for simple magnetic, simple time-of-flight, and

TRIMS instruments. For the magnetic instrument with no time

resolution, the ion intensity would be projected onto the B-axis only.

In effect, 5 t is very large. The low-field edge of the higher mass ion

distribution will overlap with the high-field edge of the lower mass

ion distribution to give less than fully resolved peaks. The extent of

this overlap depends on the ion energy distribution, the relative ion

abundances, and the resolving power of the instrument. Likewise, in a

TOF instument with no momentum dispersion, the two ion distributions

will overlap on the t-axis giving less than complete resolution. 0n

the other hand, the nuts instrument determines a two-dimensional

section of the plot and as such is potentially capable of higher

resolving power than with either B or t separately. The masses

represented by the two curves will be completely resolved if the region

delineated by 88 and 8t contains relatively little ion intensity in the

space between the adjacent B-t curves even if the masses are not.

resolved by B or t alone. As the mass increases, the ability to

resolve adjacent masses will decrease because of the- decreasing

separation of the B-t curves of adjacent mass values.

The above discussion is valid only for ions that are pulsed after

ion formation and acceleration processes. Only in this case is the

time between pulsing and arrival at the detector an accurate measure of

the ion velocity. In reality, the measured flight time with the pulsed

extraction method is the sum of the ion acceleration time in the ion

source and the transit time through the instrument at its final
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velocity. The acceleration time can contribute >l‘ps to the overall

flight time. As a result, over a short region, the ion current for any

one mass can actually be observed to move to lggggg times as the

magnetic field strength is increased. This observation is examined in

greater detail in Chapter V. Furthermore, ions can acquire a

considerable distribution of energies due to the large extraction

voltages used, a larger distribution than found in a conventional

magnetic sector instrument. The large extraction voltages are required

for adequate resolution in the time-of-flight dimension. The magnetic

field resolution is generally degraded to m/Am (100 by the large

extraction voltage. As an example, at a single 'magnetic field

strength, stable ions separated by one mass unit may appear at the same

magnetic field strength, the lighter ions appearing at longer flight

times than the heavier ions. The decreased resolution significantly

degrades the resolution for stable and daughter scans.

The magnetic field resolution for daughter scans is demonstrated

in Figure 4.9, showing the 92* and 93+ daughter ions of’mass 120 of

nitrotoluene. These ions cannot be resolved by a MIXES instrument (8).

The values on the x-axis are the DAC values used to control the magnet

current. Although not a direct measure of the field strength, the DAC

values are proportional to the field strength. These ions were pulsed

by ion extraction which degrades the magnetic sector resolution. Use

of ion beam deflection should allow complete resolution of these peaks.
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92,93 daughter ions ofMparent 120 of o—nitrataluene
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Figure 4.9. Daughter ion peaks at m/z 92 and 93 formed by

metastable decomposition from parent mass 120 of o-nitrotoluene

showing daughter mass resolving power.
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Resolution for Parent Ion Determinations

Due to the release of kinetic energy during the dissociation

process (typically less than 1 eV) the energy spread of the daughter

ions will be greater than that for stable ions. In the previous

section it was shown that this energy spread has no effect on the

accuracy of daughter mass assignment because the value of B-t is not

affected. The selection of the parent ion which gives rise to a given

daughter is, however, based on the flight time of the daughter ion.

Therefore, peak broadening along the time axis, especially for higher

masses and large kinetic energy releases, could make it difficult to

assign a parent mass for a daughter ion if there are several possible

parents within that same velocity range. Correct assignment of the

parent ion mass in this case could be aided by peak intensity

centroiding along the B-t curve far both parent and daughter ions. For

more serious cases involving daughter ion arrival time overlap,

deconvolution, factor analysis, or other chemometric techniques could

be invoked.

The magnetic field resolution is typically adjusted to mfiam = 200

(108 valley definition) for non-pulsed operation by closing the slit

widths frcl fully open in order to attenuate the ion beam intensity by

503. The maximum resolution of the LEE-9000 is quoted as I/AI = 800 at

mass 1000. A lower resolution is used because most compounds studied

to date have a molecular weight below 200 daltons, the lower resolution

provides greater sensitivity, and for pulsed extraction, the initial

positions of ions in the ion source is the limiting factor in the
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magnetic field resolution.

The flight time resolution depends on the extraction voltage

during pulsed extraction. The extraction voltage can be adjusted to

provide space focusing and peak widths of 50 as (at base) have been

observed. During normal operation, however, peak widths of

approximately 120 as are observed which corresponds to a resolution of

mfigm = 100. Figure 4.10 shows the resolution obtained for peaks in the

molecular ion region of toluene. Three different magnetic field

strengths, a, b, and c, are shown which correspond to stable ion masses

92, 91, and 90, respectively. The time-of-flight resolution is

sufficient to resolve the stable ion peaks and to resolve the 91

daughter ion of parent mass 92 from the stable ion at m/z 90.

The resolution for a parent ion scan is shown in Figure 4.11 for

the daughter ions that result from loss of Cl from the molecular ions

of chlorobenzene. As will be discussed in Chapter VI, this scan also

shows the full kinetic energy release of the metastable transition.

For comparison, a computer program was written to determine the flight

time difference between adjacent masses. Figure 4.12 shows the

calculated flight times for different masses in the TRIMS instrument,

assuming a flight path of 1.5 m and energy of 3.5 kV. The time

difference between each mass from Figure 4.12 is plotted in Figure 4.13

to show the maximum peak width allowable for a given absolute

resolution at any mass.
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Figure 4.10. Time sweeps at three magnetic field settings (a,b,c)

showing the resolution in the molecular ion region of toluene.
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Chlorobenzene

Parent scan of daughterrnass 77
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Figure 4.11. Daughter ion peaks along a line of constant Bot

(mass=77) formed by metastable decomposition from parents of

mass 112 and 114 of chlorobenzene. Release of kinetic energy

in the dissociation process reduces the ability to distinguish

daughters formed from different parents.
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Figure 4.13. Calculated flight time difference between adjacent

masses in the TRIMS instrument as a function of mass for

d=l.5 m, V=3.5 kV.
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Dissociations‘within Non-Field-Free Regions

An additional factor that will affect the appearance of the

spectrum and the mass resolution is the dissociation of ions during

acceleration or within the magnetic sector (9). Dissociations within

the accelerating field do not affect the daughter ion mass assignment

because this mass assignment is solely defined by the value of B-t.

The arrival time will decrease, though, resulting in a low-level

continuum along the curve of constant E-t between the arrival time for

a stable ion and the arrival time for the same transition occurring in

the field-free region. This continuum is observed in Figure 11 as the

elevated baseline at the high-energy side of the peak. Likewise,

dissociations within the magnetic sector result in a continuum that

extends fros the stable ion B-t position along a line of constant

arrival time. The intensity along the continuum should be very small

compared to the intensity at the B-t value of the daughter ion because

all dissociations occurring in the field-free region are concentrated

there while all occurring in the magnet are distributed along the

continuum. The use of a collision cell to enhance dissociations in the

field-free region should further suppress the continuum intensity.

Artifhct Peaks

Artifact peaks in single mass scans could occur for a number of

reasons. First, there might be inadequate resolution of the parent ion

masses. For example, a daughter ion scan of parent mass 100 of any

given compound might contain peaks that really represent daughters of
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parent ions with mass 99 or 101. Second, some kinetic energy release

in the daughter ion formation process is always observed. This effect

would manifest itself in the same way as for inadequate parent ion

resolution. Third, the ion continuum from dissociations in

non-field—free regions could appear in parent and daughter ion scans.

Fourth, for certain settings of the ion source voltages, the ion beam

say "leak" out of the source continuously, resulting in a continuum at

all flight times for those magnetic field strengths that correspond to

intense stable ion masses. Scans that cut across this time-of-flight

continuum, e.g., a daughter scan, would record a false peak. The only

way to be absolutely certain that artifact peaks are not present is by

viewing the entire data field, or at least a portion of the data field

in question, to see what peaks are present and to assess their peak

shape.

Sensitivity

As with other mass spectrometric techniques, sensitivity and

resolution are inversely related in the TRIMS instrument, so one must

consider both parameters when setting up an experiment. Increasing the

resolution may improve the selectivity of a measurement, but only at

the expense of sensitivity. The sensitivity of the TRIMS instrument is

dependent on three factors: the setting of the instrumental resolution,

the ion pulsing mechanism, and the signal detection scheme.
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Pulsing Techniques

There are two basic methods for creating a pulse or packet of

ions: ion beam deflection and pulsed ion extraction. In ion beam

deflection, the ions are continuously formed and extracted out of the

ion source. The continuous beam is then chopped, usually by rapid

electrical deflection, to create a pulse of ions (10,11). The chopping

in TRIMS can occur either before or after the magnet. Pulsing does not

change the smentum of the ions so its position with respect to the

magnet is immaterial; it only encodes time information on the signal.

The sensitivity is limited by the duty cycle, the ratio of the time the

beam is ”on" to the total period of the pulsing cycle. Referring again

to Figure 4.13, to measure a peak at mass 100 with unit resolution

requires a peak width of approximately 100 ns and, if mass 100 is the

largest ion, a period of approximately 20 us. This yields a duty cycle

of 100ns/20ps = 0.005. The present detection circuitry has a minimum

period of lOO‘ps, reducing the duty cycle to 0.001. Stated another

way, only 0.18 of the ions which leave the ion source in a conventional

magnetic sector mass spectrometer are used in the TEENS-instrument.

One would thus expect a reduction in sensitivity of 99.9% with respect

to a conventional magnetic sector instrument. Higher resolution

required by larger molecules would further reduce the duty cycle.

One way to improve the duty cycle limitation is by using

correlation techniques. Although the measurement period in the present

system is limited by the detection electronics, the theoretical limit
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is imposed by the time required for the heaviest ion to reach the

detector. This limit is necessary so that ions from consecutive ion

source pulses do not overlap. However, intentional overlap could be

applied. If the source is pulsed in a known but random sequence

(pseudorandom sequence) the detected signal can be cross-correlated

with the pseudorandom sequence to obtain the mass spectrum (12-15).

Alternately, the ion source could be pulsed at a given frequency and a

Fourier Transform applied to the detected signal to obtain the mass

spectrum (16,17). These correlation techniques allow the ion source to

be pulsed quite often, increasing the duty cycle (up to 508) and hence

sensitivity.

An alternative to ion beam deflection is pulsed ion extraction.

In pulsed ion extraction, the ions are formed in the ion source and

then extracted by a pulse applied to one or more of the ion source

lenses. The extraction pulse must be at least 2ps long to allow all

ions to leave the ion source and acquire the same kinetic energy. The

pulsing period limitation is the same as for the beam deflection

technique but there is the potential for storing ions in the ion source

between pulses to increase the signal. The duty cycle is effectively

increased because ions are utilized which are formed over a greater

period of time. As will be demonstrated in the next chapter, however,

pulsed ion extraction in TRIMS results in degraded resolution along the

magnetic field axis.

’
1
”
M
A
'
A

 



 

136

Ian Storagellachanisms

There are several methods for storing or trapping ions in the ion

source. The most widely used is the trapping of positive ions in the

negative space charge (negative potential well) of the electron beam

which is used for electron impact ionization. Positive ions can be

trapped in this well until the number of positive charges equals the

number of negative charges, a condition known as space charge

neutralization or the space charge limit. Space charge trapping was

studied during the 1950’s as a means of obtaining larger electron

current densities in electron tubes and the theory was developed in

that context (18,19).

Space charge .trapping in an electron beam of a mass spectrometer

was first used by Studier (20) to increase sensitivity in a

time-of-flight instrument. In this approach, which Studier called

continuous ionization, the electron beam remained on from the end of

one extraction pulse to the beginning of the next. More recently,

others have used space charge trapping for studying -consecutive

ionizations (21-23), ion-molecule reactions (24,25), and for producing

a time delay between ion formation and ion extraction in order to

derive information on the kinetics and energetics of metastable

decompositions (26). Although space charge trapping can significantly

increase the concentration of ions in the ion source, long storage

times at high electron energies can lead to multiply charged ions (21),

ion-molecule reactions (24), and excessive fragmentation (27).
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Other methods for trapping ions have been developed but have not

yet been utilized in time-of-flight applications. The ion cyclotron

resonance cell (28,29), the quadrupole ion storage trap (30-32), the

Penning trap (33), the Brink trap (34), and the cylindrical ion trap

(35) have been shown to trap ions efficiently for relatively long

periods of time. However, they have the problem of not creating ions

in a plane (poor space resolution). For TRIMS, an additional

constraint is the need to focus ions into a narrow slit image. Various

focusing devices could be used to do this but they could create further

space resolution problems because of the necessarily non-homogeneous

fields.

Ion Storage Evaluation

If all the ions formed between ion extraction pulses could be

stored and then extracted, the effective duty cycle would approach

1008. Of course, storage efficiency, particularly with space charge

trapping, is considerably less. There is a limit to the number of ions

that can be held in the ion source and there is also a limit to the

number of ions that can travel through the instrument at one time

without distortion of the ion optics (36). Even so, pulsed ion

extraction should provide greater sensitivity than the ion beam

deflection technique.

The ion storage characteristics of the TRIMS instrument were

evaluated by examining the ion intensity as a function of storage time,
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sample pressure, and electron trap current. It was found that the time

required to fill the trap was constant at 2 pa, regardless of the

sample pressure or trap current. Higher trap current or sample

pressure simply altered the maximum intensity that could be achieved by

ion trapping. These data indicate that the ion trapping is fairly

inefficient, i.e., ions are lost from the source quite rapidly and only

by increasing the number of electrons or the number of sample molecules

available for ionization, can the intensity be increased. The

intensity was also dependent on the extraction lens voltage during the

ion storage time. The maximum intensity occurs when the extraction

lens voltage is exactly equal to the ionization chamber voltage.

Slight increases or decreases (greater than 2 V) in that voltage reduce

the signal intensity by 75%. Unfortunately, operation at the optimal

trapping voltage allows ions to leak out of the source, creating a dc

continuum. An extra lens needs to be added to the ion source to repel

these ions during the storage time while allowing the extraction

voltage to be equal to the ionization chamber voltage.

One concern with trapping the ions for long periods of time is the

potential for ion-electron, ion-neutral, and ion-ion interactions.

None of these were observed in any of the systems studied in this work.

To evaluate the duty cycle factor of the TRIMS instrument, the

detection limit for the molecular ion of n-decane was measured, both

with and without ion source pulsing, by selected ion monitoring. All

instrument conditions and measurement parameters were the same for both

experiments. The sample was introduced in hexane solvent via the gas
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chronatograph, using a 2- x 3ft glass column packed with 3X SP-2100 on

80/100 Supelcoport. The column temperature was held at 80'C, the

injector heater at 130 C, and the separator at 130.0. The trap current

was 60 pA, the electron multiplier voltage controller set to 7, and the

magnet was set manually to mass 142, using n-decane (to set and

periodically to check the magnetic field setting. A 65 V, 4 ps long

extraction pulse was used. The gated integrator settings were:

sensitivity = 50 mV, time constant = 100 pm, SIM, DC, 50 oh. The

aperture duration (time slice) was set at 5 us and the delay from the

source pulse was 25 us. A point was recorded every 0.1 s with 500

time-slices sir-ed per point. The ion source was pulsed once every

120 us. In non-pulsed mode, the trigger to the pulse generator was

disconnected, but all other conditions were the sue. The gated

integrator measured a 5 pa segment of the continuous ion beam every

120 us. A signal-to-noise ratio (S/N) of 5 was chosen to define the

detection limit. In the non-pulsed mode, the detection limit was

reached at 200ng. In the pulsed mode, the detection limit was reached

at Zpg.

These values can be used to compare the numer of ions which reach

the detector. It is assumed that the detection limit for both pulsed

and non-pulsed modes corresponds to the same nudaer of ions reaching

the detector per 5 us time slice. Although the full time-of-flight

peak was detected during this 5 us time slice in the pulsed mode, only

those ions reaching the detector in one 5 pa interval out of the full

120 pa were measured in the non-pulsed mode. Therefore, only Spa/120p

= l/24 of the non—pulsed signal available was measured. If it were
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possible, the equivalent amount of compound to produce the same ion

intensity during .221! the measured 5‘ps time slice would be l/24th as

large, 200ng/24 = 8 ng. Therefore, the same number of ions are

measured for 200 ng of sample in the pulsed mode and for 8 ng of sample

in the continuous mode. This calculation yields a ratio for the number

of ions produced by pulsed and continuous extraction of 2pg/8ng = 250.

Had the pulsing been achieved by beam deflection instead, one would

expect the detected ion ratio to be 1000 (120 ns wide pulse, 120,us

period). Therefore, the pulsed extraction gives a factor of 4

improvement in ion signal, presumably due to ion storage.

A separate experiment was performed to determine the detection

limit for the non-pulsed mode, using a conventional low bandwidth, high

gain amplifier. The sample introduction and mass spectrometer

conditions were identical to those in the previous experiment. The

data system recorded the ion abundance once every 0.1 s. The detection

lisit for the n-decane molecular ion was found to be 0.4 ng. This

value demonstrates the rather poor sensitivity of the time-resolved

detection electronics, which for the same experiment gave a detection

(limit of 200 ng. This disparity could be decreased by increased signal

averaging and by working to reduce some of the grounding problems in

the gated integrator.

The sensitivity in TRIMS is ultimately limited by the efficiency

of the ion source. In electron impact, less than one in 105 of the

sample molecules are actually ionized. The duty cycle of pulse

u'.
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formation further reduces the number of ions that leave the ion source,

even when ion storage is employed. Furthermore, there is a space

charge limit to the number of ions that can accumulate in the ion

source and that can pass through the instrument. Ionization

techniques that utilize a condensed sample matrix and are in themselves

pulsed, e.g., laser desorption (37) and pulsed secondary ion mass

spectraetry (38,39), would lend theuelves quite readily to TRIMS.

With these types of desorption ionization techniques, no sample is lost

between ionization pulses, which could produce a considerable

enhancement of sensitivity. ‘
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CHAPTER V

EFFECTS OF INITIAL ION ENERGY AND SPATIAL DISTRIBUTIONS

Observed Deviations from Theory

It was demonstrated in Chapter 4 that the theory derived for TRIMS

accurately describes the operation of the TRIMS instrument, i.e., ion

mass is detenmined by the B-t product and parent-daughter ion

relationships are determined by the ion flight time. Ions with the

same mass but different energies appear at different values of B and t,

but the product B-t is the same.

Any spread in ion energy for stable ions of the same mass should,

in principle, cause the ion abundance profile to be broadened along the

B-t curve in the H-t data field. Figure 5.1a shows the expected locus

of those points. For ions of the same mass, ions of higher energy

appear at larger magnetic field strengths but at shorter flight times

than ions of lower energy. However, initially the locus of points was

found experimentally to have a slope of opposite polarity when pulsed

extraction was employed, as shown in Figure 5.lb. Those ions appearing

at larger magnetic field strengths had lggggg flight times.

Furthermore, the voltages applied to the extraction pulse also affect

the ion current profile in the B-t data field.

The extraction pulse is the voltage pulse applied to the first

lens (extraction lens) in the ion source (see Figure 5.2). The voltage
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Figure 5.1. Shapes of typical ion abundance profiles in the B-t data

field of the TRIMS instrument, (a) expected, (b) observed.  
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on the ionization chamber and on all other lenses remains fixed, as

does the overall accelerating voltage. The value of the extraction

voltage is the magnitude of that voltage bglgg the accelerating

voltage, 3500 V. For example, when the extraction voltage is 100 V,

the voltage on the extraction lens is 3400 V. Figure 5.1b shows the

locus of points for only a single extraction voltage.

For stable ions of the same mass, as the extraction voltage was

increased, the following trends were observed:

1. ion flight times decreased

2. ions appeared at lower magnetic field strengths

3. resolution along the B-axis decreased

4. resolution along the t-axis increased

5. flight time peak width decreased

6. ion intensity increased.

Observation 1 could be explained by an increase in ion energy, but

observation 2 suggests a decrease in ion energy. Why would increased

extraction voltage cause a change in the ion energy? What might be the

cause of the other observations?

The theory developed in Chapter 2 did not include any secondary

effects caused by the initial spatial and energy distributions in the

ion source. Nor did the theory consider that ions start nominally from

rest and must be accelerated to their final velocity. It should. The

measured flight time is really the time for an ion to travel from the

instrument entrance slit to the detector 213; the time required for

acceleration of the ion in the ion source. This acceleration time can
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be appreciable, particularly at lower extraction voltages. A simple

model based on the ion source dimensions and potentials is developed in

this chapter. It is then used to explain all the observations listed

above.

Space and Energy Focusing in Conventional TOF Instruments

As mentioned briefly in Chapter 1, resolution in conventional

time-of-flight mass spectrometry suffers for two reasons: ions are

formed and accelerated from different positions in the ion source, and

ions have an -initial kinetic energy. Corrections for the former are

classed as space-focusing and corrections for the latter are classed as

energy-focusing (1-3).

Wiley and McLaren (1) developed the classic solution to this

problem. Space-focusing was accomplished by a two-region acceleration

source, as shown in Figure 5.2. Ions formed at different positions in

the ion source experience different potential drops in the first

acceleration region. Ions at point B acquire a greater energy than

those at position A. By proper choice of the ion source lens voltages

and the instrument dimensions, ions formed at position 3 have a higher

velocity that allows them to catch up to the ions formed at position A

just as they reach the detector.

Energy-focusing was accomplished first by making the total

accelerating voltage as large as possible so that the initial energy

(<2 eV) is negligible when compared to the total ion energy. This
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value, however, is constrained by the space-focusing condition. A

larger problem, however, is related to the fact that the ions have

initial velocity vectors in all directions. Those ions moving away

from the detector must be stopped and pulled in the other direction,

resulting in a ”turnaround time.” Wiley and.McLaren (1) corrected for

the turnaround by time-lag focusing -- ions are allowed to drift at

their initial velocities for a short period. of’ time after their

formation but before they are accelerated out of the source. Those

ions that are initially moving away from the exit slit continue to move

farther away during the time lag. Once the accelerating voltage is

turned on, they fall through a larger potential drop so that their

higher velocity compensates for the turnaround time. Any one time lag

setting, unfortunately, is correct over only a small mass range.

Other approaches to energy- or time-focusing (4) have been

developed, usually combining a field-free drift region with an ”active”

focusing device, most often an electric sector (5-11) or an

electrostatic reflection device (12,13). These configurations,

however, do not allow for simultaneous space-focusing.

The most successful approaches for eliminating all the focusing

problems involve pulse generation by ion beam deflection (14,15)

followed by an energy focusing device (16,17). A similar approach

utilizes a continuous source and an electric sector to produce a

monoenergetic ion beam, followed by the beam deflection technique for

pulsing (18). Energy focusing or filtering eliminates the energy
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differences caused by initial spatial or energy distributions. The

beam deflection technique eliminates the turnaround time and

space-focusing problems. Beam deflection, however, is the worst type

of pulsing mechanism from a sensitivity standpoint. Only those ions

transmitted during the short slice of the ion beam are utilized. At

least with the pulsed extraction technique there is the potential for

ion storage between pulses (19,20). In all cases of pulsed extraction,

the flight time is the sum of the turnaround time, the ion acceleration

time, and the drift time through the instrument. Therefore, the total

flight time is ggt an accurate measure of the ion velocity. This fact

must be taken- into consideration in TRIMS. Furthermore, in focused

time-of-flight measurements, different ion energies are used to achieve

constant flight times. In TRIMS, those added energy differences appear

as momentum differences, reducing the resolution along the magnetic

field axis below that obtained with the same instrument when the source

is not pulsed.

Unlike the time-of-flight instrument, in‘ which the goal of

focusing is to achieve the same flight time for all ions of the same

mass, the goal of focusing in a magnetic sector instrument is to

achieve the same velocity for all ions of the same mass. In a magnetic

sector instrument, this is accomplished by using a large accelerating

voltage to make the initial ion energy negligible and by making the

initial extraction voltage as small as possible (usually (10 V) to

minimize energy differences of ions formed in different regions of the

ion source (21,22). The latter requirement contradicts the TOF
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requirements - that larger extraction voltages are needed to reduce

the turnaround time and that the optimum extraction voltage is

determined by the space-focusing condition .

The TRIBE instrument shows the effects of pulsed extraction in

both the time-of-flight and magnetic sector domains. An understanding

of the effects of initial spatial and energy distributions in TRIBE

aids in explaining the ion distributions in the H-t data field and

provides a basis for adjusting the instrumental parameters for optimum

performance.

The spatial and energy distributions are treated separately below.

As will be shown, the effects of each are experimentally distinct. The

difference in initial position of isobaric ions determines the extent

of ion spread orthogonal to the constant B-t line while the initial

energy distribution influences the spread in flight times at any one

magnetic field strength (see Figure 5.1).

Ion Distributim in the R-t Data Field — Spatial Effects

Cmter Simlation of the Ion Source Conditions

Based on the voltages and dimensions of the LEE-9000 ion source

and TRIBE-modified flight path, a computer program was written to

calculate ion flight times, velocities, and energies for different

extraction voltages. It was asstned that all the lenses acted like
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perfect, infinitely wide grids, so that all electric fields were

linear. Although this is not the case, it is a good first

approximation, as the results will demonstrate. Moreover, the electron

bean collimating magnet in the source is assumed to have negligible

effect on the ion motion, the ions are assumed to have taken identical

paths through the instrument, and the focusing field of the deflection

plates, positioned after the entrance slit for z-axis focusing, is

assumed to be negligible.

The instrument voltages and dimensions are shown in Figure 5.2.

The program calculates the flight time for each region, then sums these

times to obtain the total flight time. The flight time in the

ionization chamber is calculated for the acceleration of an ion from

rest. The ion velocity at the extraction plate depends on the distance

the ion travels in the electric field in this region. The spatial

distribution is taken as the breadth of the electron beam. The ion

energies and velocities at the entrance and exit of each subsequent

region are then calculated. Since the acceleration force is constant

in each region, the flight time for each can be calculated fron the

average velocity. The flight time from the end of the acceleration

region to the detector is the simple quotient of the flight distance

and the final velocity, assuming all detected ions take identical paths

through the magnetic sector.

The total energy an ion receives from acceleration is a function

of the extraction voltage for a fixed accelerating voltage. ’The total

gain in ion kinetic energy decreases as the extraction voltage
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increases because an ion only falls through a fraction of the potential

drop in the ionization chamber. For example, if an ion starts in the

middle of the ionization chamber and the extraction voltage is 10 V,

the ion picks up 5 eV of energy in this region, but it is denied 5 eV

of the total acceleration energy since the total potential drop in the

whole ion source remains constant. (The back of the ionization chamber

remains fixed at 3500 V.) If the extraction voltage is 100 V for the

same ion, 50 eV of the total acceleration energy will not be availabl

to it. For the same reason, the energy distribution caused by a

spatial distribution in the ion source also becomes larger as the

extraction voltage increases.

Comparison of Simulated and Observed Results

Figure 5.3, from the simulation program, shows the ion kinetic

energy as a function of extraction voltage. A direct experimental

measure of the ion energy was not available for comparison. The

decrease in the final ion energy also means that there is a decrease in

the final ion velocity.

The dotted lines in Figure 5.4 show the computer-calculated values

for the final ion velocity as a function of the extraction voltage for

ions starting at two different positions, A and B, in the ion source.

The prediction of this model is compared with the result of the

following experiment. The ion current distribution of mass 71 of

n-decane in the B-t data field was measured at four different values of

the extraction voltage, 33 V, 65 V, 100 V, and 140 V. For each of
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these voltages, time sweeps were taken as the magnetic field was

incremented over the peak. The flight time of maximum intensity was

recorded for each magnetic field value. The distribution in magnetic

field strength at which ion intensity is actually observed is shown by

the vertical lines in Figure 5.4. Since the magnetic field is a

measure of momentum, it is also a measure of ion velocity for a

constant mass. The point of maximum ion intensity at each extraction

voltage is identified by an ”x". There is good agreement fer the

downward trend of the final ion velocity and of the increase in the

velocity distribution as the extraction voltage is increased. This

explains why the magnetic field resolution decreases when the

extraction voltage is increased.

The curved lines in Figure 5.5 show the computer simulation of the

ion flight times for two ions, A and B, that start at different places

in the ion source. Note that at extraction voltage = 135 V, the flight

times of the two ions are the same. This voltage corresponds to the

space-focusing condition for this particular instrument. Further

calculations show that this space-focusing point (flight time

difference = 0) is identical for ions of all masses, as expected (1).

The vertical lines in Figure 5.5 show the experimental data, again with

the ion intensity maximum at each extraction voltage indicated.by an

”x". These are the flight times observed at different magnetic field

settings across the entire peak, i.e., the spread is not the arrival

time peak width at a single magnetic field setting. The same trends

are observed experimentally as were predicted by the calculated values:

with an increase in extraction voltage there is a decrease in average
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The curved lines show the calculated values for ions formed at
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flight time and a decrease in the flight time distribution. The

differences between the calculated and observed flight times reflects

delay times in the measured values, and also, most likely, reflects the

effects of secondary factors in the ion source model that were assumed

to negligible (e.g., ideal grids, no source magnet, no deflection lens

deceleration).

Temporary modification of the pulse amplifier allowed operation at

higher extraction voltages. The space focusing point on the TRIMS

instrument was observed to be 185 V.

The majority of the flight time distribution, especially at low

extraction voltages, is due to the difference in acceleration time in

the ionization chamber. Table 5.1 lists the calculated flight times in

different regions of the instrument. At 10 V, for example, the

simulation program gives an acceleration time from rest (no initial

kinetic energy) to the extraction lens as 1.628‘ps for mass 71 ions

starting at position A, and 1.879 pa for the same ions starting at

position B.

The calculated final ion velocity and flight time data are

combined in one graph, Figure 5.6a, which is equivalent to the ion

current distribution in the B-t data field. Figure 5.6b shows the

experimental results. As mentioned earlier, modification of the pulse

amplifier allowed larger extraction voltages to be used. It was found

that the space focusing condition was met at an extraction voltage of

185 V. At higher voltages, the slope of the line in the B-t data field
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was found to go negative, as calculated values predicted.

An increase in the extraction voltage results in a decrease in

flight time, a lowering of final velocity and energy, a loss of

resolution along the B-axis, and a increase in resolution along the

t-axis. These results adequately explain the first four observations

listed at the beginning of this section. The remaining observations, a

decrease in TOF peak width and an increase in signal intensity, require

consideration of a second effect, initial ion energy.

Ion Distribution in the B-t Data Field -— Energy Effects

Computer Simulation of’Ion Source Conditions

So far, only the initial spatial distribution of ions in the

source has been considered. The initial energy distribution also

affects the final velocity and total flight time. The initial energy

distribution is partly due to the thermal energy of the ions; however,

at 25030, a typical ion source temperature, the average energy is only

0.07 eV. A much larger energy spread is due to the kinetic energy

release during ion fragmentations in the ion source, which can be

0.5 eV or more (23).

The computer program used to simulate initial kinetic energy

distributions was identical to the one used for the' spatial

distribution simulation except the ions were assumed to start from one

position but with different kinetic energies. Clearly, the worst case
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would be for ion energies with opposite trajectories, forward and

backward. The simulation was performed for ions of 0.5 eV initial

kinetic energy, initially moving in opposite directions in the

ionization chamber.

Comparison of Simulated and.0bserved Results

Again, the ion current distributions far mass 71 of n-decane were

used, measured at four different extraction voltages. The width of the

time-of-flight peak at 12 standard deviations (assuming Gaussian

distribution), -taken at the magnetic field strength of maximum ion

abundance,- was used to measure the flight time distribution due to ion

energies. As will be shown, ions with initial energy differences of

0.5 eV have very different flight times but virtually identical

velocities so they will appear at nearly the same magnetic field

strength.

The curve in Figure 5.7 shows the calculated differences in flight

times for two ions with the same absolute kinetic energy (0.5 eV) but

opposite initial direction. The experimentally measured peak widths

are indicated as diamonds, showing a close correspondence. As

discussed earlier, differences between the calculated and observed

values reflect the simplifying assumptions that were made in the ion

source model. Table 5.1 lists the calculated flight times in different

regions of the ion source. The turnaround time is the difference in

flight time in region 1 between ions with initial kinetic energies of

0.5 and -0.5 eV (the sign indicates initial direction). For an ion of
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mass 71 with 0.5 eV initial energy, the calculated turnaround time is

1.032 ms for 10 V extraction voltage, the ion starting at point A.

Clearly, the turnaround time is the most significant contribution to

the flight time difference. The difference in final velocity between

ions of 0 and 0.5 eV initial kinetic energy was calculated from the

source model to be 7 m/s for all extraction voltages. This value is

negligibly small compared to the velocity spread due to the initial

spatial distribution (see Figure 5.4). Thus, at any one magnetic field

strength, the peak width in time is due mainly to initial ion kinetic

energies. (Other factors, such as slightly different paths through the

magnet, were discussed in the previous chapter under the heading of

resolution.)

The initial ion energy distribution, then, explains observations 5

and 6 at the beginning of this chapter. As the extraction voltage is

increased, the time-of-flight peak widths decrease. Because the peak

widths decrease, the total ion charge, assumed to be constant, is

observed in a shorter period of time, producing more intense peaks. In

addition, the larger voltage should extract ions more efficiently,

providing a further enhancement in peak intensity.

Implications for Instrument Operation

The initial distributions of ion kinetic energies and ion

positions in the ion source of the TRIMS instrument are the causes for

the observed signal distribution in the B-t data field when using

pulsed extraction. Computer calculations, based on a simple model of
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the LKB-QOOO ion source, give remarkably good agreement with the

experimental results. All the observed changes in siganl distributions

with respect to the extraction voltage are explained by this model.

The initial spatial distribution of ions in the ion source produces ion

intensity profiles in the B-t data field that are opposite of those

expected by classical mass spectrometry theory. Increasing extraction

voltages produce lower ion energies and velocities, an increased spread

of ion intensity along the B-axis, and a decreased spread of ion

intensity along the t-axis. The initial energy distribution causes a

spread of ion intensity along the t-axis at any one magnetic field

strength. An- increase in extraction voltage causes the peak width

along the t-axis to decrease with a concomitant increase in peak

height. In summary, the initial position in the ion source determines

the values of B and t at which a signal will appear and the initial

energy spread determines the TOF width of the peak at that B,t

coordinate.

These data are useful for determining the operating parameters of

the instrument. For maximum B-resolution, a low extraction voltage

must be used, but for optimal flight time resolution, minimum peak

width, and maximum intensity, a large extraction voltage is required.

As an example, to resolve two daughter ions of similar mass that are

derived from the same parent mass, one would probably use a low

extraction voltage to obtain good B-resolution. On the other hand, to

resolve two daughters of the same mass but derived from parent ions of

slightly different mass, one would opt for a high extraction voltage.
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In practice, two more features warrant consideration. At

extraction voltages below approximately 50 V, the electron beam is not

completely deflected during the extraction pulse so that a background

signal will be observed unless the electron beam is turned off.

Second, the instrument must be calibrated at the extraction voltage to

be used, since the arrival time and field strength at which a

particular mass is observed change with the extraction voltage.

One way to circumvent this whole problem is to use ion beam

deflection or chopping rather than pulsed extraction. For ion beam

deflection, the flight time is a direct measure of the ion velocity and

not a sum of acceleration and drift times. Unfortunately, the ion beam

deflection method gives up some of the signal gained by ion storage in

the pulsed extraction method. The trade-off between resolution and

sensitivity reigns supreme. In any case, the particular experiment will

dictate the pulsing method which will give optimum results.
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CHAPTER VI

KINETIC ENEEGY HELEASE MEASUREMENTS

Introduction

Whenever an ion undergoes fragmentation after leaving the ion

source (metastable decomposition or collisionally activated

dissociation), there is an accompanying release of kinetic energy (1).

This energy release results when a portion of the internal energy

(vibrational) of the precursor ion is converted into translational

energy of the products. Because of this additional translational

energy imparted in all directions to the daughter ions, metastable

peaks are broader than other peaks in the mass spectrometer.

The magnitude of the the kinetic energy release can be related to

the potential energy surface for the metastable dissociation and to the

internal energy of the metastable ion activated complex (2). Since the

potential energy surface is characteristic of a particular reaction,

the kinetic energy release is often also characteristic of a particular

reaction. This fact has been exploited to investigate ion structure

and to differentiate isomeric species by mass spectrometry (3-6). For

example, kinetic energy release has been used to differentiate epimeric

steroids (7) and to identify a wide variety of isomeric halogenated

compounds (8,9).
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A number of different techniques have evolved that can measure

kinetic energy release. The most common are ion kinetic energy

spectrometry (IKES) (10-12) and mass-analyzed ion kinetic energy

spectrometry (MIXES) (13). These techniques are performed,

respectively, with an electric sector or with a magnetic

sector/electric sector combination in reverse geometry (BE). A

recently developed technique with considerable promise utilizes an

electric sector/quadrupole combination (EC) (14).

The instruments mentioned so far measure energy directly with an

electric sector. Kinetic energy release has also been measured by

magnetic sector instruments (15,16) and, time-of-flight instruments

(17). with the exception of the EC instrument, these techniques cannot

resolve the kinetic energy release for daughter ions of similar mass

which are all derived from the same parent mass. The electric sector

or other devices mentioned also function as the daughter ion mass

analyzer, i.e, the mass analysis and kinetic energy release measurement

occur along the same measurement axis. In many cases, peak overlap

requires sophisticated deconvolution techniques to separate the energy

contributions from each daughter mass.

Kinetic Energy Release Measuraents by TRDB

The TRIMS instrument is also a useful technique for measuring the

kinetic energy release that occurs during daughter ion formation (18).

In TRIMS, ions of the same mass appear at constant B-t. A spread in

ion energies is manifest as a spread in ion abundance along the B-t
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curve. As shown in Chapter 2, Equation 12, the quotient B/t is

proportional to ion energy. The values of B and t serve not only to

identify the parent and daughter masses, but they also indicate the

energy of the ion.

If the ion current profile for a selected daughter mass in the B-t

data field is plotted as ion abundance vs. B/t, direct measure of the

ion energy distribution is obtained, analogous to the output of an IKES

instrument. Moreover, the daughter ion is mass-selected. Regardless

of the magnitude of the kinetic energy release, the ion intensity for

daughter ions of similar mass should be completely resolved.

To clarify how the kinetic energy distribution is obtained by

TRIMS, consider Figure 6.1a, a portion of the B-t data field for

p-chlorotoluene. The molecular ion (mass 126) and its M+2 isotope

(mass 128) dissociate by metastable decomposition to give (M-Cl)+

daughter ions at mass 91. A time scan was recorded at each increment

of the magnet current in the region of the B-t data field where

daughter ions were expected. Each data point in the figure represents

the coordinate at which the maximum ion intensity was observed for each

time scan. The 91* daughters of the 126* and 128+ parents fall on a

line of constant B-t. The energy spread in the daughter ions causes

the intensity of the peak to be distributed along this curve, with a

reduction in parent resolution. By calculating the energy at each

point and replotting “the data as ion abundance vs. energy, an energy

distribution profile is obtained, as shown in Figure 6.1b.
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Figure 6.1. Kinetic energy distribution profile for daughter ions of

mass 91 formed by metastable decomposition from parent ions of mass

126 and 128 of p-chlorotoluene. (a) Location of ions in the B-t

data field. (0) Energy profile along a line of constant B-t.
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The kinetic energy release, T, is a function of the observed

energy distribution, as given by Equation 1 (19), where I; , m2, and ms

are the parent, daughter, and neutral masses, respectively, E is the

energy of the stable ions, and AB is the corrected energy distribution

of the daughter ions. Some of the daughter ion kinetic energy

distribution is due to the energy distribution of the parent ions,

which is caused by the energy spread in the ion source. Furthermore,

the daughter ion distribution with no kinetic energy release should

display the same pgrcentgge energy distribution as the stable ions.

Therefore, a correction for this inherent energy distribution is

needed. This correction is related to the energy spread of the stable

ions by Equation 2 (l), where14Eoos is the observed energy distribution

43 =AEobs "(flAHstable (2)

and 4831.61. is the stable ion energy distribution. The energy

distributions are generally measured at a constant peak height, most

often at 508 of the maximum intensity (5,20).

Measuruent of Kinetic Energy Release

Going throught the process described above, base on the data set

exemplified by Figure 6.1, is tedious in acquisition and

interpretation. A more efficient method is to scan along the line of

constant B-t that corresponds to the daughter under study. A special
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data system command, ESWEEP, achieves this measurement, recording the

ion intensity and ion energy for each point as the magnet current and

sampled flight time are slowly incremented along the B-t curve. The

proper flight time is calculated from the calibration at each point and

set to maintain a constant B-t. The data are then plotted as ion

intensity vs energy, as demonstrated in Figure 6.1b. The width at half

height is measured, and using Equations 1 and 2, the kinetic energy

release is calculated.

Figure 6.2 shows the kinetic energy distribution for (M—Cl)+

daughter ions -(mass 77) of chlorobenzene (MM=112). The two peaks

correspond to the two parent ion isotopes of mass 112 and 114. The

peak width at 508 of the peak height is 20 eV. The peak width for the

stable ions of mass 112 is 6 eV. Using Equations 1 and 2, the energy

release calculated for this reaction is 21.6tO.3 eV. This value

compares favorably with the literature value of 21.0to.2 eV (9). The

differences in these values could be due to the use of different

instruments or to different ion source conditions.

The daughter ion peaks corresponding to the two parent masses are

not completely resolved, a consequence of broadening by the kinetic

energy release. The ions should be resolved from daughter ions of

other masses, if present, e.g., daughter ions of masses 76 or 78 would

not interfere with this measurement. For this reason, TRIMS is a

complementary technique to MIKES. In MIXES, kinetic energy release

information is obtained with good parent ion resolution but poor

daughter ion resolution. In TRIMS, kinetic energy release information
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Figure 6.2. Kinetic energy distribution profile for daughter ion

peaks along a line of constant B-t (mass=77) formed by
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is obtained with poor parent ion resolution but good daughter ion

resolution.

Summary

Kinetic energy release for ion dissociations, either by metastable

decomposition or CAD, can be measured by TRIMS. Good resolution of the

daughter ion masses is obtained by TRIMS; however, parent ion

resolution is limited by the kinetic energy release. Expected

improvements in resolution and sensitivity should make TRIMS a valuable

technique for -acquiring this type of data. Already, TRIMS has been

applied by Lifshitz et al to measure kinetic energy release as a

function of ion lifetime (21). Other applications are likely to

follow.
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CHAPTER VII

Significant progress has been made in the development and

improvuent of TRIBE. There are, however, several areas in which

improvements are still necessary in order to make TRIMS less of a

research subject and more of an analytical tool.

Improvements in Resolution

In the context of pulsed ion extraction, several improvements

could be made. The electron beam should be considerably' more

collimated. Since the initial spatial distribution of ions leads to a

large velocity spread at the space-focusing condition, a marked

improvement in resolution along the magnetic field axis should be

observed. In addition, an extra grid or lens should be added directly

after the extraction plates with a potential that is at most times

higher than the ionization chamber (or repeller plate, if present).

The potential on this lens would be pulsed low in conjunction with the

extraction lens. This extra lens would prevent ions from escaping

during ionization time and allow the extraction plate to be operated at

the same voltage as the ionization chamber in order to maximize ion

trapping efficiency (1).

From Chapter 5, it is clear that pulsed ion extraction is not the

ideal pulsing technique for TRIMS. Ion beam deflection (2,3) would
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circumvent many of the problems presented by pulsed ion extraction.

The flight time would be a direct measure of the velocity and no space

focusing would be required. The ion source could be operated with a

low extraction voltage to minimize the energy distribution due to the

spatial distribution in the ion source. The energy spread of the ions

would show up as a distribution of ion abundance along the B-t curve so

that it would not interfere with stable or daughter ion resolution at

all. Resolution along the magnetic field axis would be the same as

that obtained with the instrument in the non-pulsed mode. The

time-of-flight resolution would depend on the duration of the

intersection of the deflected beam with the limiting aperture, which

can be made quite short.

Placement of the beam deflection plates is important. Deflection

immediately following the entrance slit requires that the beam be

deflected exactly at right angles to the magnetic dispersion plane to

prevent interference with the momentum analysis. This position also

requires deflection along the long dimension of the slit image, which

precludes optimum time-of-flight resolution. The deflection may also

cause ion movement in the nonhomogeneous fringing field of the magnet

which would degrade the magnetic sector resolution.

A better location for the beam deflection plates would be

immediately following the exit slit at the detector end of the

instrument (4). The magnetic sector instrument could be adjusted for

optimal resolution and sensitivity, and absolutely pg modification of

the ion source would be required. Deflection would be along the narrow
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dimension of the slit image for maximum time-of-flight resolution. A

flight tube extension would be necessary but that is essentially a

piece of pipe with flanges at either end. Although this location of

the pulsing apparatus would remove the simultaneous nature of the

momentum-flight time measurement, the physics of the mass separation

and mass assignment remain completely unchanged. Ion dissociations

must still occur between the ion source and the magnetic sector.

Imrovemants in Sensitivity

There are no simple solutions for improving the sensitivity in

TRIBE. More efficient ionization and better trapping of ions in the

ion source would, of course, be helpful but not easily achieved. One

area in which TRIMS would be quite useful is pulsed desorption from a

condensed matrix. The immobilized sample would not be lost between

ionization/extraction pulses so the ”sample duty cycle" would be

improved considerably. The surface would also establish a common plane

of origin to minimize the initial ion spatial distribution. Techniques

such as laser desorption (LB) (5-8) and pulsed secondary ion mass

spectrometry (SIMS) (9-11) could lend themselves quite readily to

TRIMS.

Improvements in collision efficiency would also yield improved

daughter ion sensitivity. In the present instrument, improvements in

pumping in the field-free region following the ion source need to be

made in order to reduce the pressure and ion scattering in this region.
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As an alternative to CAD, photodissociation (8.12.13) would be one way

to produce daughter ions, often with great selectivity, without

introducing any gas load.

Improvements in sensitivity could also be made through enhancement

of the detection electronics. The present amplifier/gated integrator

has noise that has been difficult to isolate and remove. Attenuation

of this noise would yield improvement in the signal-to-noise ratio. In

some instances where very small ion signals are present, ion counting

would improve the signal-to-noise level (14,15). One of the

limitations of- the present instrument is the low amplification of the

signal, forcing the gated integrator to be operated at its limit of

sensitivity. Better amplification would relieve the strain on the

gated integrator, but large gains are difficult to achieve at the large

bandwidths necessary for amplifying the narrow time-of-flight peaks.

Time array detection (TAD) (16) should provide a significant

improvement in sensitivity for certain experiments as mentioned in

Chapter 3. When a single MS/Ms scan is desired (e.g. one daughter

scan), only one timed amplitude measurement is made per magnetic field

setting. However, when more than one scan is desired, than TAD, by

sampling ion abundance at all arrival times, would provide improved

sensitivity for identical measurement time or the same sensitivity for

shorter analysis times.
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Future Applications of TRIMS

As a pulsed technique, TRIMS would lend itself quite readily to

experiments which are already pulsed in nature. For example, laser

desorption (5-8), as already mentioned, produces a pulsed signal, and

the ions formed usually show a considerable energy spread. TRIMS could

match the repetition frequency of the desorption event, resolve the

energy contributions (because they would fall along the B-t curve and

not interfere with stable or daughter ion resolution), and provide the

capability for performing MS/MS experiments. The time-resolved nature

of the mass analysis could also prove useful in studying the desorption

mechanism (17,18).

The decrease in analysis time by the use of TAD could make TRIMS

useful for obtaining a significant amount of MS/MS data in a relatively

short period of time. If sufficient sensitivity is achieved, TRIBE

with TAD has the capability of obtaining the full MS/MS data field (all

daughter ions of all parents) on the timescale of chromatographic peak

elution. This would provide much more rapid MS/MS data acquisition

than any other technique presently available. The capabilities for

performing GC/MS/MS or LC/MS/MS (to obtain all available MSAMS data on

each chromatographic peak) could provide significant improvements in

the speed and selectivity of analysis.

Other laboratories have already begun to use TRIMS. Workers at

the National Bureau of Standards (19) have employed time resolution on

i a magnetic sector instrument to discriminate against ions with msmsmtum
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variations caused by collisional scattering. Using resonance

ionization, they hope to achieve better isotope ratio measurements.

Lifshitz et al (20) have used TRIMS to measure the time-resolved

kinetic energy release of metastable ions which have been stored for

various periods of’ time in the ion source. TRIMS is ideal for this

case because an BE/BE technique is required for an experiment with a

pulsed ion source.

Time-resolved ion momentum spectrometry has made an impressive

showing out of the starting blocks. There remain yet a few hurdles to

be overcome, - but with further effort, coupled to continuing

improvements in technology, the future for TRIBE is promising, very

promising.
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