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"get you home, you fragments !"

Shakespeare, Coriolanus.
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The tandem mass spectrometer, consisting of a double-focusing first stage and a
single-sector differential time-of-flight mass spectrometer as a second stage.
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CHAPTER I

GENERAL INTRODUCTION

This thesis shows a symbiosis of three important items in the field of mass
spccirometry. Firstly, the interest in a growing number of analytical applications
within the field of mass spectrometry (1,2,3,4J. Secondly, the fundamental interest in
gas phase ion-molecule reactions, which can be studied with a mass spectrometer
[ 1.5,6]. And thirdly, the instrumental development in both ionisation, analysis and
detection techniques [1,4,7]. Together they form the motive force for the work
described here.

The development of techniques for desorbing large, thermally labile,
biomolecules from a the solid phase into the vacuum in a mass spectrometer source
[2], has opened a large field of analytical applications in chemistry and biology. It
encouraged the development of mass spectrometers with a larger mass range,
improved sensitivity and faster data handling.

The increase in analytical possibilities also generated a wealth of questions on
more fundamental processes, such as ionisation and fragmentation processes [2,5]. In
return, with the more advanced instruments with respect to resolution and sensitivity,
fundamental processes can be investigated in more detail, for example, those with
lower cross-sections.

A substantial part of this thesis concerns the investigation of the socalled
collision-induced dissociation (CID) process by tandem mass spectrometry. This
technique, also referred to as mass spectrometry/mass spectrometry (MS/MS),
involves the mass selection of a particular m/z ratio, the socalled precursor ions,
excitation of these selected ions, and subsequent mass analysis of the ionic products,
originating from these ions, with a second analyser. Fragmentation, by far the most
abundant type of reaction observed, is facilitated by positioning a collision cell
between the two stages, which can be filled with an app^opiate target gas. In such
collisions translational energy of the parent ion can be converted into internal energy,
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that can be used for fragmentation reactions. In the next paragraph the features of this
collision-induced dissociation process will be discussed.

C1D processes for ions with keV energies have been known since the beginning
of mass spectrometry from the so-called 'Aston bands'. Since then there has been an
interest in exploiting this phenemenon. In the standard mass spectrometer angular and
energy resolved measurements can be performed. From these experiments one can
hope to retrieve information on the kinetics of the CID process observed [?\. Even
without exact knowledge of the potential function which governs the interaction
between projectile and target and between the resulting fragments, it is possible to
obtain useful quantitative information concerning this process. In the keV energy
range the CID process can be seen as consisting of two independent steps [5,8],
involving collisional excitation and subsequent unimolecular dissociation. The
resultant angular and energy distributions ' -e therefore a convolution of these two
effects, which are believed to be of comparable importance j8]. Applying the
conservation laws for both processes the experimental variables and ultimate degrees
of freedom will be discussed.

m 0 , E

T"
ITlg.Eg

Fig.1. Schematic representation of collisional activation followed by a
fragmentation reaction. The parameters shown are defined in the text.
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Let us first consider the collision between a fast ion m o
+ with energy Eo° with

a neutral stationary gas molecule nig. In the laboratory frame of reference we choose
the following set of variables (m0, nig, E o° , Eo , Eg, Q, 6O, 8g), in which E o and Eg
are the kinetic energies of the projectile and target after the collision, 8 0 and 0 g their
respective scattering angles with respect to the initial momentum of the projectile and
Q the kinetic energy loss, which is converted into internal energy of the projectile.
Note, that in the experimental circumstances only two momentum components are
relevant. One direction is conviently taken as the ion optical axis, i.e. the original
direction of motion of m0 . The transverse component is not uniquely defined,
therefore the pattern of scattered ions will be distributed with a conical symmetry.
The distribution of energy over the internal degrees of freedom, for example,
transfer of angular momentum, is not specified in this treatment. Fig.l shows
schematically the proces of collision-induced dissociation with the parameters
involved. Of the eight variables, the first three are parameters controllable in the
experiment. For the five remaining variables three conservation laws, one of energy
and two of momentum in the plane of the collision, are used to eliminate the
unknowns Eg and 6g. Thus, one is left with one relation between Eo , Q and 9 0 .
Therefore, tr e system has two degrees of freedom. If one measures the kinetic energy
loss Eo° - Eo and the scattering angle 90 , then Q can be solved [8]. In the center of
mass frame a maximum value for Q/Eo° can be obtained, given by m2 /(mo + mo).
This limitation of the excitation energy is a serious restriction for massive precursor
ions. Also, the angle of scattering 0 o is then limited by m g /m 0 . In the case of small
0O and small kinetic energy loss, i.e. in the socalled momentum approximation, we
can derive for the relative energy loss

Eo m0 Q

i - — = — e0
2 + — CD

Eo° mg Eo°

It must be emphasized that these conclusions are independent of the nature of the
interaction between the two particles.

Also other types of collision partners could be used. Taking electrons instead of
a neutral collision gas, both the scattering and kinetic energy loss would be negligible
in most cases, due to the low mass of the electron (cf. eq.(l)). The maximum
attainable energy transfer in the case of fast electrons (> 10 eV) would be of the order
of the electron energy itself, which is enough for fragmentation to occur. Using
photons in the excitation step would be even more ideal. Then, the advantages are that
no scattering takes place and that the amount of inelastic energy involved is specified.
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However, the field of photofragmentation lies outside the scope of this thesis. The
disadvantage of both electrons and photons as a collision partner is the low target
thickness, which can be realized.

In the next step we consider the unimolecular fragmentation m 0
+ -> m i + + nr) ,

where m 0 has a kinetic energy Eo and has gained an internal energy Q in the
excitation step. The following set of variables is chosen (mo, m] , mj, Eo , E\, E2, T),
0] , 62), with Ej and E2 the kinetic energies of mj and m2, respectively, 6] and Qj
their respective "angles of dissociation" and TI that part of the internal energy which
is released as kinetic energy of the fragments as measured in the laboratory frame (see
Fig.l). With E o and m 0 as known parameters, as in the case of a unimolecular
decomposition, four conservation laws (for energy, mass and momentum) can be used
to eliminate nv), E2 and 62- This results in a relation between mi, Ei, 6j and r\, and
a total of three degrees of freedom remain for the system. When now, for example,
mi, E | and Q\ are measured , the whole system is determined. However, in a standard
mass spectrometer only one of these variables, normally E j , can be measured.

As already mentioned, the problem in the CID process is the convolution of
excitation and fragmentation dynamics. This has been the subject of a large numbc" of
publications [5,6,8]. For example, the plane in which the dissociation takes place does
not necessarily coincides with the plane of collision. Therefore, the angle 0O can not
be added 'scalarwise' to the angles of dissociation Gj and 82- By varying parameters,
such as (i) the chemical nature of projectile and target, (ii) the initial kinetic energy
of the ion and (iii) the internal energy of the ion, however, the nature of excitation
and fragmentation step can be studied. Several investigators have tried to deconvolute
the excitation and dissociation steps. As has been recognized by Boyd et al.[8], angular
resolved measurements performed in ordinary sector type mass spectrometers using
slit shaped beams, do not yield conclusive data. The instrumental factors further
complicate the calculation in these measurements, so that a double deconvolution is
necessary. The method of "translational spectroscopy" [5] yields a more promising
solution to this problem. This technique generally designates the measurement of
momentum or kinetic energy distributions of fragments created in a fast beam. Due to
the kinematic compression in this fast beam the momentum resolution is high. When
now use is made of a coincidence measurement to intercept both fragments, much
more information can be retrieved with this method, than with the ordinary ion
kinetic energy analysis.

A large part of this thesis deals with the instrumental development in the
technique of mass spectrotnetry. In particular, the realization of a hybrid tandem
mass spectrometer, based on the coincidence measurement of ionic and neutral
fragments, is described. The subject of the other part of this thesis is the study of the
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CID process itself.
Chapter II and III concern fundamental questions on the collision-induced

dissociation of organic molecules. They describe experiments carried out on an
existing tandem mass spectrometer with simultaneous ion detection, but with single
sector first and second stage analysers. The effect of consecutive collisions on the
resulting fragmentation pattern is the subject of investigation in chapter II. The
relative fragment intensities are in fact a reflection of the internal energy distribution
of the precursor and fragment ions, resulting from a series of collisions. For the
molecular ion of methane the effect of pressure and nature of the target gas on the
fragmentation is measured. Even for a relative simple organic molecule as methane,
ten independent dissociation cross-sections have to be taken into account to reproduce
the pressure dependence. Chapter HI deals with the effect of the variation in collision
energy on the CID process. For several organic molecules the fragmentation pattern
is measured as a function of the kinetic energy. When compared with so-called
'breakdown curves', i.e. fragment ion abundances as function of the internal energy
of the parent ion, information can be retrieved on the energy transfer Q in the
excitation step.

The following chapters deal with a novel type of tandem mass spectrometer.
The chapters IV, V and VI concern instrumental developments on the
double-focusing first stage. The last two chapters (VII. 1 and VII.2) describe a new
type of second analyser with unprecedented features towards both analytical and
fundamental applications.

In particular, chapter IV concerns the design and construction of an ion source
dedicated for the desorption of large (bio)molecules at low acceleration potentials.
The last feature increases the mass range of the instrument to 10,000 dalton at a
magnetic field strength of 1.5 T.

Chapter V deals with an improvement in transmission of the first stage. This is
realized by focusing the ion beams in the vertical plane with help of an electrostatic
quadrupole lens.

At last, in chapter VI a simultaneous detection system for the double-focusing
first stage is described. A gain in sensitivity of at least two orders of magnitude is
realized. However, this requires much better ion optics, as the beam size also
increases with two orders of magnitude. We believe that this technique is ready for
implementation in the more standard MS equipment.

In the last two chapters VII. 1 and VII.2 a second stage mass spectrometer based
on the method of "translational spectroscopy" [5] is described. In this setup both the
charged and the neutral fragment of a CID reaction are measured in coincidence. In
this way three instead of one parameters are measured for each decomposition
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reaction. From this enhancement in information the excitation and fragmentation
dynamics of ionic species can be studied in more detail. When we neglect the
scattering and energy loss in the excitation step, the dynamics of the whole CID
process can be solved per fragmentation event. The simultaneous detection technique
enables one to perform these coincidence measurements with a maximum in detection
efficiency.

Finally, we may state that the cooperation in scientific interest from both
physical and chemical origin, leading to the described instrumental developments, has
been the basis of the work described in this thesis.
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CHAPTER II

PRESSURE AND TARGET GAS EFFECTS

IN THE COLLISION-INDUCED

DISSOCIATION OF METHANE

MOLECULAR IONS

ABSTRACT

An approach to describing the decomposition patterns of polyatomic ions as a
function of target gas pressure is presented. The kinetics of a decomposition scheme
can be described employing a set of simultaneous first-order differential equations.
From the pressure resolved data the different contributions to the fragment ion
intensities arising from single or multiple collision events can be calculated. Provided
certain conditions hold, a high target pressure MSI MS spectrum can be predicted
from data acquired at low target gas pressure. The decomposition pattern of 6 keV
CH4+ ions has been measured as a function of pressure for the three target gases He,
Ar and Xe in order to illustrate the utility and limitations of the approach. The target
gas pressure was varied from 0 to 13 Pa. An estimate of the absolute cross-section for
collision-induced dissociation of the methane molecular ion is given. Furthermore,
we conclude that for the targets investigated the internal energy deposition per
collision follows the order He > Ar > Xe.
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1. INTRODUCTION

In recent years, the performance of two stages of mass analysis in a single
experiment has become increasingly widespread. This technique is commonly
referred to as MS/MS or tandem mass spectrometry. Its greatest uses are found in
mixture analysis [1] and ion structure identification [2] and in more fundamental
studies regarding, for example, elucidation of fragmentation mechanisms and ion
structure differentiation [3]. Tandem mass spectrometry normally involves the mass
selection of a so-called parent or precursor ion and the mass analysis of the ionic
products formed from fragmentation in the region between the mass analysers. Often,
a target gas is introduced into this region in order to excite the precursor ion via a
collision and consequently to increase the degree of fragmentation. This method,
generally referred to as collision induced dissociation (CID), has proved to be very
useful due to the relatively large cross-sections for excitation and subsequent
dissociation and the ability to readily vary the density of the target gas. Among :he
important aspects of CID is the amount of energy supplied to internal modes of the
ions in the excitation step. Ordinarily, it is desirable to maximize this energy in order
to increase the degree of fragmentation and to favour highly endothermic
decompositions which are most useful in distinguishing structural isomers [4]. The
most widely employed methods of altering the amount of energy deposited into the
ions are variation of the kinetic energy of the ion (i.e. the collision energy) and
variation of the density of the target gas. The latter method operates by varying the
number of collisions that the parent ion and, possibly, fragment ions are likely to
undergo [5-8]. In many applications of MS/MS, relatively high collision gas pressures
are employed (giving up to 90% attenuation of the precursor ion intensity), but the
fraction of fragment ions formed directly from the precursor ion or via CID of a
higher mass fragment ion is generally unknown. We report here a mathematical
model which allows the fraction of ions formed directly from the parent ion or via
CID from an other fragment ion to be determined. It can be used to predict MS/MS
spectra acquired under conditions of high target gas pressure from data obtained
under single collision conditions.

Reports of the effect of the pressure of the target gas upon MS/MS spectra in the
keV collision energy region have been given by Todd and McLafferty [5] and, more
recently, by Kim [9]. The former study focusses on the effect of target gas pressure
on energy deposition into the ions and gives quantitative comparisons between spectra
obtained under different conditions of target gas pressure and collision energy. Both
reports give expressions for the fraction of ions detected as fragments as a function of
target gas pressure. The approach reported here differs in that a parameter related to
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the cross-section is measured for each decomposition pathway (i.e. the cross-sections
for CID of the precursor and fragment ions are not assumed to be equal) This allows
the relative abundance of the precursor and each fragment ion to be accounted for as a
function of target gas pressure. Furthermore, this approach does not require a
post-collision internal energy distribution to be assumed in modelling the data as in
the approach of Kim. An approach similar to this one has been used by Dawson and
others [6-8] to describe the kinetics of the ionic decompositions as a function of
collision gas pressure (or target gas thickness) using low (<100 eV) collision energies
in a triple quadixipole instrument. In the present approach the cross-section: for the
individual steps in the decomposition scheme are measured experimentally and are
used to test the assumptions of the model by comparing predictions of the model with
high pressure MS/MS spectra.

In testing this model we have used helium, argon and xenon as target gases and
compare them in terms of efficiency in inducing fragmentation and the degree to
which energy is deposited into the ions.Target gas effects have been investigated by
Kim and McLafferty [10] and Cameron et al. [ 11 ] in the keV collision energy region
and Douglas [8] and Dawson et al. [12,13] have studied target gas effects in the low
collision energy region. Although the model we present can be applied to target
pressure-resolved data using any collision energy, we have tested it by modelling the
pressure-resolved MS/MS spectra using kiloelectronvolt collision energies. Kim and
McLafferty report an increase in energy deposition into the ion with the ionization
potential of the target gas. Cameron et al. observe a decrease in ion loss due to
scattering and charge exchange with the same parameter. Both studies conclude that
helium is the most efficient target gas in keV collision energy MS/MS in terms of
minimizing scattering and charge exchange and maximizing energy deposition. The
results reported here for a limited number of target gases confirm these observations.

2. EXPERIMENTAL

All measurements were performed using a tandem mass spectrometer described
in detail elsewhere [14,15]. Briefly, the first stage consists of an electron impact ion
source and a conventional magnetic sector (see Fig.I). The collision cell is 10 mm
long and has adjustable slits (0.00-2.00 mm) at both ends. The cell can rotate around
an axis perpendicular to the median plane in order to align it to the precursor ion
beam. The pressure in the collision cell can be monitored on a temperature stabilized
MKS baratron capacitance gauge. The base pressure in the vacuum system was 7.10"^
Pa, which ensures a negligible contribution (< 0.06%) of fragmentation occuring
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Fig.l. Scheme of the tandem mass spectrometer, showing the main ion-optical
Junctions.



outside the collision cell in the field-free region. The second stage features
post-acceleration and simultaneous detection of the fragment ions. Post-acceleration
(0-30 kV) reduces the relative energy spread due to the kinetic energy release in the
decomposition and thus enhances mass resolution of the fragment ions. The second
sector magnet permits a broad mass range (variable from 1:12 to 1:1.06) of
fragment ions to pass and to be detected simultaneously on a channeltron electron
multiplier array. The features of the detection system are extensively described in
ref.16. Four static quadrupole lenses aid in focusing the several ion beams and in
varying the dispersion.

Fig.2 Decomposition scheme of the methane molecular ion. (Xnm represents
the probability per unit pressure for the fragmentation reaction
CHn+->CHm+.

The methane molecular ion was chosen as the system to be investigated, because
it is one of the simplest and most studied polyatomic ions [5,11,17,18]. The
fragmentation pattern shown in Fig.2 contains ten different dissociation steps which
can be described by ten distinct decay constants orim. The production of H n

+ from the
methane molecular ion is neglected in this scheme. In order to obtain the a's one
needs the pressure-dependent fragmentation spectra of all the CH n

+ ions (n < 4). The
parent ions were formed with 70 eV electron impact ionization using a trap current of
10 p.A and a source pressure of 6.10"^ Pa (measured above the ion source diffussion
pump). From all the ions produced in the collision cell we measured as a function of
pressure the abundances of the C + * to CH4+ # ions within the solid angle defined by
the collision cell slit widths (0.22 mm for both entrance and exit slit), and the
acceptance of the second stage of the tandem machine. The acceptance angle of the
collision cell exit slit for a deflection which takes place at the center of the entrance
slit is 20 mrad in the median plane. If we neglect the deflection of the precursor ion
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due to the collision [19], this angle can be related to a kinetic energy release upon
fragmentation of about 2 eV. This seems large enough to conclude, that the total
fragmentation cross-section is measured, assuming that the post-acceleration section
and the second stage of mass analysis transmit all the ions that leave the collision cell
114].

The CID-spsctra were accumulated in scans of between 8 and 25 s. After
background subtraction and correction for the spatial variation in sensitivity of the
electro-optical detection system (16| the peak areas were determined. Normalizing
these abundances by assigning to the total intensity of parent plus fragment ions a
value of unity, the relative abundances of the CH n

+ (n-0,1. .4) ions were obtained.
The data with the methane molecular ion as a precursor were taken at 6 kV ion source
voltage and 20 kV post-acceleration voltage. For the C H n

+ (n<4) precursors, the
tuning of the second stage remained the same in order to maintain constant
transmission. The ion source voltage was adjusted in order to give all the precursor
ions the kinetic energy they would have had as decomposition products from a 6 keV
C H 4

+ # ion, i.e. E(CHn+) = (n+12)/16. E(CH4+*). The decomposition of CH n
+

yields n+1 peaks in the MS/MS spectrum, the intensity of each depending upon target
gas pressure. Thus the four precursors CH+ to C H 4 + # yield fourteen pressure
dependencies for every target gas. Due to the normalization of the intensities for
every precursor, ten independent pressure curves remain which are described with
the ten <xnm's.

3. DESCRIPTION OF THE MODEL

The mathematical model is designed to account for the contribution of
consecutive collisions to the fragment ion intensities. Let us assume a current J4(x) of
methane parent ions moving in the x-direction through the collision cell. Collisions
with the target gas cause a loss of precursor ions due to fragmentation, scattering,
charge exchange, etc. The fragment ions continue their path through the cell and
may collide again, producing fragments of the second generation, or undergo
another loss process, such as scattering outside the acceptance angle, and so forth. At a
certain position x in the collision cell ion currents of CH n

+ denoted by In(x), produce
fragment ions of the next generation C H m

+ with a relative probability per unit length
Pnm (n>m>0). The attenuation other than by fragmentation of the CH n

+ ion current
is denoted by a relative probability per unit length p n . Over a distance dx the
differential equations for the decomposition of the CH 4

+ * precursor ion read:
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dI4/dx = -(P43 + P 4 2 + P41 + P40 + P4)[4

dI3/dx = - (p 3 2 + P31 + P 3 0

dI2/dx = -CP21 + P20 + P2»

dl,/dx = - (p 1 0 + P!)l, + p 4 1 l 4 + P 3 1 I 3 + p 2 l l 2

+ P40F4 + P30!3 + P20!2 + Pio ' l

with the initial conditions 14(0)=1 and In(0)=0 for n<4. In general for the set of
equations for the decomposition of CH n

+ the initial conditions are:

In(0)=l and Im(0)=0 form<n. (2)

The solution for In(x) for eq.(l) is given by a sum of exponential functions:

4

In(x) = E A j j . exp(-sjx) (3)
i=n

where

j i y 4. (4)

The Anj are integration constants determined by the boundary conditions. In order to
describe the intensities as a function of pressure, a change of variables is applied.

and p ^ N o ^ c y ) (5)

where 1 is the length of the collision region, N is the target gas density, p is the target
gas pressure, <xnm is the probability per unit pressure for the fragmentation reaction
CH n

+ —> C H m
+ with o n m its corresponding cross-section and ctj, and a n are a similar

set representing the remaining loss mechanisms.
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In the single-collision region (i.e. cxnmp « 1 ) a n m can be obtained from the
slope of the intensity versus pressure curve of the C H m

+ ion. Adding the five
differential equations in (1) we see that the total ion current coming into the collision
cell decreases due to the attenuation by the P n (the P n m terms all cancel in the
addition). If we assume each <rn to be equal to CTL for every CH n

+ ion, i.e. the loss
cross-section a n does not depend on the kind of ion, all terms in the right-hand side of
eq.(3) contain the same factor CXP(-NOLI). This means that the relative intensities in
the CID spectra arc independent of the loss processes and arc only determined by the
o"nm- This is also the case if a n is negligible. This is most justifiable when He is used
as a target. The dominant loss mechanisms arc expected lo be scattering out of the
acceptance angle of the second stage and charge exchange with the target gas. In
studying a number of target gases Cameron et al.| 11 ] have shown He to undergo the
lowest degree of charge exchange and to be the least effective in causing scattering. It
is therefore a logical approach to neglect the loss processes for He, particularly
considering the relatively large acceptance angle of the second stage.

In this model we furthermore assume that the a n m are independent of whether
the C H n

+ ion is formed in the collision cell as a fragment or in the ion source as a
parent ion. This assumption is a reasonable first approach in view of the observation
of McLafferty et al.(20-22] with respect to the effect of precursor ion internal energy
upon the CID-spectra. However, as the a's in principal may show a dependence upon
ion internal energy [23], deviations of the data from predictions may result. Also, it
should be emphasized that we did not measure H+ , H2"1" etc. Taking this into account
it means that the a's calculated by our procedure are too large. If the H n

+ ion currents
are relatively small and the cross-section for charge exchange and scattering are
either negligible or equal for all C H n

+ ions we can estimate the absolute CID
cross-section for the methane molecular ion defined as

kT ^
°cid = — ? 0 «4i (6)

where k is Boltzmann's constant and T the absolute temperature. The Gcfa defined
here is equivalent to the cross-section defined by Todd and McLafferty [5], but not to
the o c a for collisional activation defined by Kim [9]. The latter also includes the
probability r of detection of the parent ion after one collision. It can be shown that in
first order the cross-sections are related by

°cid = <yca(lHr)- (7)
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4. RESULTS AND DISCUSSION

For the three collision gases the pressure dependence of the fragmentation
spectrum of CHn

+ (n=l, , ,4) in the range 0 to 2.6 Pa was measured. By an iterative
procedure the best set of Oj^'s were determined to fit the pressure dependence of the
ion intensities using eq.(3). The slopes of the curves at low pressure were used to
define the starting values of the a n m ' s in this procedure. As an example ihe
experimental data points and the calculated curves forCHn

+ on Me are given in Fig.3.
The quality of the fit is not noticeably altered with a variation in the a values of less
than 5-10%, with a minimum ofO.OOI Pa"'. In (he pressure region of 0-2.6 Pa the

Pa'1 (A2)

«43(<*43)
«42(<T42)
a4i(a4J)
0(40(040)

«32(°32)
a3l(°3l)
C-30(°30)

«2l(°2l)
a20(°20)

aio(°io)

He

0.115(4.73)
0.085 (3.50)
0.037(1.52)
0.016(0.66)

0.073 (3.00)
0.043(1.77)
0.011(0.45)

0.037(1.52)
0.021 (0.86)

0.023 (0.95)

Ar

0.126(5.18)
0.085 (3.50)
0.022(0.91)
0.009 (0.37)

0.080 (3.29)
0.030(1.23)
0.009 (0.37)

0.048(1.97)
0.023 (0.95)

0.027(1.11)

Xe

0.180 (7.41)
0.055 (2.26)
0.015 (0.62)
0.005 (0.21)

0.046(1 89)
0.017 (0.79)
0.005(0.21)

0.024 (0.99)
0.013 (0.53)

0.026(1.07)

Table 1. Values for (Xnm and anm for the different targets obtained from the fit on
the experimental data from Fig. 3.
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Fig.3. Relative ion intensities as a junction of collision cell pressure for the
decomposition ofCHn

+ with helium as a target. The points are the experimental
data. The curves give fits using the expressions from eq.(3) and the a values
from Table 1. (a) n=4, (b) n=3, (c) n=2 and (d) n=l.

measurements and calculated lines are in good agreement. A similar agreement
between fit and data was obtained for Ar and Xe. Table 1 gives the a's and the
corresponding cross-sections a for the three different collision gases.

The data evaluation adopted does not only result in the reproduction of the data
by the functional relationship between intensity and pressure (cf. eq.(3)), but also
allows the determination of the contributions to the ion currents originating from
single and multiple collision events. As an example, we calculate the contribution to
the CH2+* ion current originating directly from CH4+* in a single fragmentation
step and originating from the CID of the intermediate fragment CH$+. We define
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these currents as I24 and I23 respectively. For this purpose, the differential equation
for CH2"1"* is partitioned into two, omitting the loss terms.

dI24/dx = -(P21 + P20)I24 + P42U

d!23/dx = -(P21 + P20)J23 + (8)

with

The solutions for I24(p) and I23(p) have the same form as given in eq.(3). In Fig.4
the ratio I23''»24 ' s displayed as a function of pressure for each of the three targets
using the respective ex's from Table 1.

1.5 -1

L.0 8.0
PRESSURE (PA)

12.0

Fig.4 Ratio of ion currents 123^24 calculated as a function of collision cell
pressure for the three targets used, using the a values from Table 1.

A contribution of the CID of to the CH2+* current of the order of 10% is
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already reached at a pressure of 1.5 Pa. With the set of a's derived from the pressure
range of 0-2.6 Pa, the contribution of multiple dissociation to the CH2"1"* current in
the high pressure range is calculated to be of the order of 50% for Ar. We note that
more CH2+* is formed directly from CH4+ # than via CID of CH3"1" as target mass
decreases.

An alternative application of the model is to use the a's measured at low
pressures to predict the spectrum at high target pressure (rather than using high
pressure data to obtain the a's through a fitting procedure). Using He as a target gas,
ion intensities versus target pressure were recorded for CH3"1" as the precursor ion up
to 13 Pa. For this, the values of a derived from the data points in the single collision
region (0-2 Pa) are substituted into the expressions (3) for the relative abundances.
Fig.5 shows the agreement.

CH*

0.00 4.00 8.03
PRESSURE (PA)

12-00

Fig.5 Relative ion intensities as a function of collision cell pressure for the
decomposition of CH^+ with helium as a target. The symbols
represent experimental data. The curves are calculated from the a values
obtained from the low pressure region.
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When the deviations between the solid lines and the experimental data points are
considered, it can be seen, that the deviations have different directions. There is less
total fragmentation than calculated and much more C+* is measured than is expected
from the model. A change in experimental conditions at high pressure, e.g. a larger
collision region due to the outflow of target gas from the slits, cannot explain these
deviations, either in magnitude or in direction. It is unlikely that charge exchange
plays an important role in causing these deviations since the ionization potential of He
is at least 12 eV higher than that of any of the CHn species [24]. It is conceivable
that large differences in the scattering cross-sections of the different CH n

+ ions can
contribute to the observed deviations. However, a more likely cause for the observed
deviation is a precursor ion internal energy dependence of the a's which were
assumed to be independent of this quantity. For example, it is well-known that the
cross-section for CID of diatomic ions increases with the precursor ion vibrational
energy [25]. The energy distribution of the mass-selected ions which reach the
collision cell is likely to differ from that of ions of the same mass formed after a
collision and which undergo a second collision. This can be due to differences in time
delay between formation and subsequent excitation (= 5 [is in the former and = 10~2
[xs in the latter case). Thus the a's measured from the fragmentation of CH2+* and
CH+ coming from the ion source are not adequate in the description of the high
pressure region of the fragmentation pattern of CH3 + . An internal energy
dependence of the acl^ is also expected when a mass selected ion undergoes two or
more activating collisions prior to decomposition. Both of these situations are
expected to prevail. It should be remarked that the deviations from the
predictions given by the model in the high pressure region could be largely due to the
rather small polyatomic system investigated. It is possible that for polyatomic ions
with many internal degrees of freedom the assumption of the internal energy
independence of the a's is obeyed more closely.

The values for a in Table 1 can be used to compare the degrees to which energy
is deposited into the ions and the respective efficiencies for inducing fragmentation
using the different targets. Note that all the a's except 043 are lower for Xe than the
corresponding ones for Ar and He. The rows 043 to a4Q reflect the rates at which
CH3+, CH 2

+ * , CH+ and C + # are formed from the C H 4
+ # precursor in a single

collision. The fact that 043 increases for increasing target mass and 040 decreases for
increasing target mass is consistent with the interpretation the average energy
deposition into an ion in a collision with He is larger than in a collision with Xe. This
follows from the increasing appearance potential from CH4 with decreasing fragment
ion mass [24]. Also, 030 decreases with increasing target mass. The same argument
can be used to explain the target gas dependence in Fig.4. From this we conclude He
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to be the most efficient collision gas in this series with respect to supplying energy to
the ions, as did Kim and McLafferty [10].

Using expression (6) to obtain an estimate for the absolute CID cross-section we
get a value of 10 A^ each for He, Ar and Xe. Provided the error in each of these
estimates is similar, we can not distinguish between the respective CID cross-sections.
It seems likely, however, that for Xe the values for rjCj, (assumed to be either equal or
negligible in this treatment) are neither equal or very small as charge exchange is
exothermic for CH4+ # but endothermic for CH n

+ (n<4). This tends to increase the
estimate for the absolute CID cross-section for Xe. The definition of CID-efficiency
of Todd et al.[5] is given by

(9)
°cid + °L

where O L represents the cross-section for ion loss. Because of the increase of o ^ with
increasing mass of the target gas, as observed by Cameron et al.[l 1 ], we conclude that
H decreases following the order He, Ar and Xe. The Gc[$ of 10 eV CH4+ # colliding
with nitrogen, measured using a low collision energy instrument, is 12 A- [26].
Therefore differences in total fragment ion yield relative to precursor ion intensities
reported for high- and low-collision energy experiments may well be due to
instrumental effects rather than to significant differences in ocjcj [ 17,26,27].

5. CONCLUSIONS

The approach to describe the target pressure dependence of CID spectra
outlined here can be used to determine the fraction of each fragment ion current
which results directly from a fragmentation of the precursor ion (or, alternatively,
from CID of a fragment ion). This is most accurately accomplished using a values
fitted over a range of pressures including the pressures of interest. A rough
prediction of a CID spectrum obtained using a high target gas pressure can be made
using a values determined from spectra obtained in the single collision pressure
region. The accuracy of this prediction will depend upon the extent to which the ac\^
of each of the ions depends upon internal energy and whether or not the loss
cross-sections of the ions are negligible or similar.

Observations regarding collision gas effects using He, Ar or Xe as a target
indicate helium to be the most efficient target gas of the three. This supports the
conclusions of previous reports describing target gas effects in kiloelectronvolt
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energy collisions [10,11]. Furthermore, the CID cross-section of CH4+* is similar at
collision energies of 6000 eV and 10 eV. This suggests that the differences in the
relative fragment ion intensities obtained with sector instruments (collision energy >
1 keV) and triple quadrupole instruments (collision energy < 100 eV) may be due to a
difference in fragment ion collection efficiency.
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CHAPTER III

THE EFFECT OF COLLISION ENERGY IN

POLYATOMIC ION/NEUTRAL TARGET

COLLISIONS OVER A RANGE OF

10-6000 eV

ABSTRACT

Mass spectra resulting from superthermal collisions between polyatomic ions
and atomic or diatomic targets have been acquired as a function of the collision
energy over a range of 10-6000 eV for the t-butyl cation and the molecular ions of
methane, propane and n-butylbenzene. Changes in relative fragment ion abundances
with systematic variation of the collision energy have been monitored in order to
assess the effect of this experimental variable upon the degree to which the polyatomic
ion is excited by collision. The data for the t-butyl cation and the methane molecular
ion show an apparent monotonic increase in energy deposition into the ion with
increasing collision energy over the entire range investigated. The data for the
molecular ions of propane and n-butylbenzene, on the other hand, indicate that
maxima in energy deposition into these ions occur at laboratory collision energies of
140 and 70 eV, respectively. The results are interpreted as being due to changes in the
relative importance of direct vibrational excitation and electronic excitation with
increasing collision energy.
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1 INTRODUCTION

Within the last decade the value of the capability of performing two stages of
mass analysis on polyatomic ions formed in the ion source of a mass spectrometer has
become widely recognized. Techniques which employ two stages of mass analysis are
referred to collectively as tandem mass spectro.netry or mass spectrometry/mass
spectrometry (MS/MS) [1,2|. In the usual sequence of operation the MS/MS
procedure involves mass selection of ions of a particular m/z ratio formed in the ion
source and subsequent mass analysis of the ionic products resulting from a reaction
involving these ions which occurs between mass analysis stages. For many
applications, some reaction inducing perturbation subsequent to mass selection is
useful in gaining additional information regarding a particular ion via a second stage
of mass analysis. Fragmentation, by far the most widely observed reaction, is
facilitated by admitting a neutral target gas into the region between the mass analyzers
so that endothermic ion/molecule collisions can take place.The translational energy
of the ion prior to collision is the primary source of the internal energy deposited
into the collision partners. Fragmentations induced by these collisions are often
referred to as collision-induced dissociations (CID) or collisionally activated
decompositions (CAD). CID has proved to be particularly useful in MS/MS as a
means for exciting gas-phase ions since cross-sections are relatively high (>10 A~)
and it is relatively easy to implement.

Until very recently, one of two regions of precursor ion kinetic energy has
been used for MS/MS studies. They are energies greater than 1 keV and energies less
than ~150 eV. This situation is largely a result of the type of mass analyzer(s)
employed in the MS/MS instrument and the relevant ion kinetic energy requirements,
i.e. sector-based instruments have generally employed keV ion energies whereas
multiple quadrupole [3] and Fourier transform mass spectrometers [4] have
employed eV ion energies. It is generally accepted that CID of polyatomic ions in the
keV collision energy region proceeds via a two-step mechanism involving electronic
excitation followed by rapid conversion of internal energy to highly excited
vibrational levels of the electronic ground state and subsequent fragmentation [5].
Douglas has recently presented evidence that CID of polyatomic ions in the low
collision energy region also proceeds via a similar two-step mechanism [6], but it is
generally believed that direct vibrational excitation predominates in the initial step
[7].

A large body of literature exists for the entire range of collision energies for
atom/atom and atom/diatom collisions [8-10]. CID of diatomic ions often proceeds
via an excitation to a dissociative electronic state from which fragmentation takes
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place [ 11 ], a mechanism not generally invoked to explain CID spectra of polyatomic
ions. Indeed, the similarity of high energy CID and electron impact mass spectra
(12,13] has been taken as evidence for similar energy deposition associated with the
two techniques as well as similar two-step mechanisms leading to dissociation.
McLafferty and co-workers have reported studies designed specifically to address
issues such as internal energy transfer and effects of target gas |14) and target gas
pressure |15] in the high collision energy region. Douglas |6] and Dawson cl
al.[ 16,17) have reported studies regarding fundamental aspects of low energy CID. In
virtually all studies involving CID of polyatomic ions, fragmentation patterns have
been interpreted assuming that the energy initially deposited into the ion upon
collision is randomized to an appreciable extent amongst all internal modes of the ion
prior to dissociation. That is, collisionally activated ions are generally taken to
follow the assumptions of the statistical theory of mass spectra [18]. Accordingly,
both low and high collision energy CID spectra have been interpretable on the basis
of the wealth of experience in the unimolecular decay of gas-phase ions from electron
impact and chemical ionization mass spectrometry. Differences in MS/MS : pectra
acquired under conditions of high and low collision energy are then expected to arise
from the activation step if the ion shows statistical behavior in its fragmentation.The
rapid randomization of internal energy prior to fragmentation also prevents a clear
distinction in the mechanism of excitation (i.e. vibrational vs. electronic).
Differences in MS/MS spectra are therefore predominantly due to differences in the
overall distributions of internal energies when instrumental discrimination effects
are minimized.

We have collected CID spectra of several mass-selected ions over a range of
collision energies including 10-6000 eV in order to obtain high, low, and
intermediate collision energy MS/MS spectra using the same instrument. Instrumental
discrimination effects, which must be considered in comparing spectra acquired
using different types of tandem mass spectrometers, are therefore avoided, giving a
clearer picture of intrinsic effects of changes in collision energy on MS/MS spectra.
The spectra reported here were collected over a wide range of scattering angles, i.e.
detailed differential measurements recorded as a function of scattering angle were
not made.

2. EXPERIMENTAL

All MS/MS CID spectra were recorded using a tandem mass spectrometer
consisting of two magnetic sectors as the analyzers. The instrument is described in
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detail in several recent publications [ 19,201. The collision energies reported here are
lakf . as the difference between the voltage applied to the ion source and that applied
to ihe collision cell. The potential of the collision cell can be varied within the range
of + 2000 V. Spectra using collision energies of 2-6 keV were obtained by varying
the ion source potential while maintaining the collision cell potential at 0 V. Spectra
using collision energies less than 2 keV were acquired by holding the ion source
potential at 2 kV and varying the collision cell potential. 'Phis was done in order to
maintain unit mass resolution (up to mli. = 150) in the first stage of the tandem
instrument.

As ths collision cell potential was raised, both parent and fragment ion signals
decreased with a rapid drop in ion intensities at collision energies less than 50 eV.
However, the high sensitivity of the second stage of this instrument resulting from
post-acceleration of the ions exiting the collision cell and simultaneous ion detection
allowed spectra of satisfactory signal/noise ratios (>15) to be acquired, even ai
collision energies approaching 10 eV by simply integrating over longer periods of
time (up to 15 min.). In order to minimize any mass dependent discrimination effects
in the procedure for simultaneous ion detection, precursor ions were chosen where
the fragment ions of interest differ by, at most, a few mass units. Also, the
post-acceleration energy was adjusted with each collision energy so as to maintain a
constant energy (26 keV) for one of the fragment ions of interest. The largest
differences in ion kinetic energies prevail at high collision energies, so that any
energy dependent discrimination is expected to be most acute with spectra acquired
using keV collision energies.

All molecular ions were formed via 70 eV electron impact ionization.
Reported collision energies are estimated to be accurate to within + 3 eV and the
absolute spread in collision energies is estimated to be + 1.5 eV. These estimates are
supported by good agreement between the results obtained in this report and those
reported in the literature obtained using other instruments which employ low
collision energies (e.g. triple quadrupole [21] and hybrid sector/quadrupole
instruments 122]).

Several target species were employed at various pressures. In each experiment
or set of experiments the identity and pressure of the target is indicated. Pressures
were monitored using a capacitance manometer connected directly to the collision
cell. The length of the collision cell is 1.0 cm. Assuming a collision cross-section of
100 A^, the pressure at which each precursor ion would undergo of the average of
one collision is ~3 mtorr at 300 Y In order to avoid significant contributions to the
MS/MS spectrum from ions which have undergone multiple collisions, the
measurements designed to investigate collision energy effects were performed using
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target gas pressures somewhat less than 1 mtorr. For the molecular ions of methane
and propane and for the t-butyl cation, the relative abundances of the fragment ions
monitored were not observed to vary over the target gas pressure range of 0.1-1.0
mtorr. The relative abundances of the m/z 91 and 92 ions from ionized
n-butylbenzene, however, were found to be sensitive to target gas pressure even
within the range of 0.1-1.0 mtorr. This is apparently due to one of the ions (m/z 92)
appearing as a relatively intense peak due to fragmentations of metastabic ions (see
discussion).

The procedure for acquiring the MS/MS spectrum using this instrument has
been detailed previously [19). Briefly, the field of the second'nagnetic sector is sei
so that all of the ions of interest are focused by a set of quadjupole lenses on the
channelplate detector. A maximum mass ratio of 4:1 was monitored simultaneously.
This detector system consists of a double channeltron electron multiplier array
(CEMA) of 75 mm diameter followed by a phosphor screen coated directly on a fiber
optic slab. The light line spectrum resulting from secondary electrons from the
CEMA impinging on the phosphor screen is directed from the fiber optic slab to the
sensitive area of a Reticon photodiode array with 1024 channels via a combination of
lenses.

All samples were obtained from commercial sources and did not require further
purification. The butyl cation was formed from the loss of Br* from the molecular
ion of t-butylbromide. All other precursor ions were formed by ionization of the
corresponding neutral molecule.

3. RESULTS AND DISCUSSION

3.1. C 4 H 9 +

Figure 1 shows a series of MS/MS spectra of the ion at m/z 57 formed from Br*
loss from t-butylbromide at several collision energies. This ion is expected to be of
the same structure as the reagent ion commonly used in chemical ionization with
isobutane as the reagent gas (i.e. the t-butyl cation [23]).

At low collision energies, the ethyl cation (m/z 29) is seen to be most abundant
whereas at higher collision energies (>100 eV) the allyl cation (m/z=41) is most
abundant. At still higher energies, the C3H3"1" signal is comparable to that of
C3H5+, and C2H3+ is slightly more abundant than its probable precursor C2H5"1".
The enhanced abundances of C3H3"1" and C2H3+ relative to C3H5"1" and C2H5"1",
respectively, indicate greater energy deposition with increasing collision energy.
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m/z 28 also includes contributions from charge transfer to nitrogen. The
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Fig.2. Heats of reaction for the competing and consecutive reactions in the
collision-induced dissociation of the t-butyl ion.

The competing and consecutive reactions likely to be most important in producing
these ions are shown in Fig.2 with the vertical scale showing the heats of reaction for
these processes calculated from the published heats of formation of the indicated ions
and neutral species [24]. We assume that the structure of the parent ion is that of the
-butyl cation but this has no effect on the differences between the listed heats of
reaction.

The process with the lowest heat of reaction is that of methane loss from the
parent ion to give, presumably, the allyl cation. That this reaction is also of lowest
activation energy is indicated by C3H5+ being the most abundant fragment ion (by a
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factor of at least 30) when no target gas is introduced into the collision cell (i.e.
C3H5+ is formed from metastable ions). It is interesting to note that, even a!
the lowest collision energy employed here (~ 10 eV), ethylene loss to give
C-)Hg+ dominates over CH4 loss. This indicates that despite its higher activation
energy, ethylene elimination is kinetically faster than methane loss. It is highly
unlikely that a significant fraction of the observed C2H5"1" ion current arises
from further fragmentation of C3H5"1" orC3Hg+ # since these fragmentations require
losses of C and CH#, respectively. At higher collision energies, however, C3H5+is
the largest peak in the spectrum indicating that the path including steps 3 and 6 of
Fig.2 may be important at higher collision energies. At the highest collision energy
employed in this study, enough energy is deposited into the ions to give a distribution
of internal energies such that the ions C3H3+ and C2H3+ are of abundance
comparable to the direct precursor (i.e. C3H5"1" and C2H5+, respectively). This latter
observation supports the interpretation that translational-to-internal energy
conversion increases regularly with collision energy. The C^^* ion, however, a
possible intermediate in the production of C3H5+ from C4H9"1" (via steps 3 plus 6), is
not observed to be more abundant than C3H5+ at any collision energy. If the step 3
plus step 6 path dominates in the production of C3H5"1" at internal energies where this
ion is more abundant than C2H5"1", then it might be expected that the abundance of
^-3^6 + * w o u l d be relatively high at some internal energy. Clearly, it would be
desirable to compare these data with independent results which show fragmentation of
the C4H9"1" ion explicitly as a function of internal energy. Such data are only
available for a limited number of ions virtually all of which are odd-electron species.
The m/z 57 ion population sampled here may also consist of a mixture of structures
(primarily the t-butyl and s-butyl structures) which could conceivably have different
CID cross-section dependences on collision energy.

In order to avoid the ambiguities present in the data for the C4H9"1" ion we have
selected other systems for which fragmentation behaviour as a function of internal
energy is known. The effect of collision energy on internal energy deposition can be
assessed in a qualitative way, therefore, by comparing curves which show relative
fragment ion abundances or fragment ion ratios as a function of collision energy with
analogous curves plotted as a function of internal energy. A similar approach has
been used previously to characterize the effect of collision energy in the low collision
energy region [25]. Internal energy-resolved fragmentation behaviour can be
obtained from theoretical statistical calculations 118) and experimentally from, for
example, photoion-photoelectron coincidence (PIPECO) (26] and charge exchange
127] methods.

- 42 -



3.2. C H 4
+ #

The methane molecular ion is a system for which both high and low collision
energy MS/MS data have been reported [14,6] and its internal energy dependent
fragmentation behavior has been calculated [28]. For this system we have recorded
the abundances of the CH3+ , CH2"1"*, CH+ and C+* ions as well as the parent ion
abundance. Cross-sections for CID can be obtained from these measurements
provided charge transfer to the target gas is negligible and that the same fraction of
fragment ions and precursor ions are collected (i.e. equal transmission and detector
response for precursor and fragment ions). The cross-section is given by

0 =

nl

or

- ln(P/(P+EF))
o =

nl

where P is the detected precursor ion abundance, EF is the sum of the fragment ion
abundances, n is the number density of the target gas and 1 is the path length. Figure
3(a) reflects the collision energy dependence of the cross-section for CID and
indicates that the CID cross-section for CH4+ # /He does not show a dramatic
dependence on collision energy over the range studied here. It should be noted,
however, that the points of Fig.3(a) do not explicitly represent the CID cross-section
since the H+ and H2 + * fragment ion abundances were not recorded in these
measurements. The rather large uncertainty in these data points is due to instrumental
conditions which cause differences in the transmission of precursor ions and
fragment ions and precludes the identification of a minimum or maximum in the
cross-section. However, the data do indicate that that the CID cross-section for
CH4+*/He does not vary by more than a factor of 5 over the collision energy range ot
15-6000 eV. Similar cross-section behaviour as a function of collision energy was
also observed with argon and xenon serving, in turn, as the target gases.
Contributions to ion loss from scattering and charge exchange, however, are likely to
be larger with these targets so that a collision energy dependence of either of these
processes is more apt to influence the CID cross-section measurement.
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Fig.3. (a) A plot of the sum of the CHX
+fragment ion intensities (where x=0-3)

resulting from collisions of CH4 + * with helium divided by the sum of
the precursor and fragment ion intensities as a function of collision
energy. The collision gas pressure is 0.6 mtorr.
(b) A plot of the relative CHx

+fragment ion abundances from CH^+9

as a function of collision energy. The collision gas pressure is 0.6 mtorr.
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Figure 3(b) shows the relative abundances of the carbon containing fragment
ions from CH4+* in collisions with helium as a function of the collision energy given
in the laboratory (bottom scale) and center-of-mass (top scale) frames of reference.
This figure reflects changes in the internal energy distribution of the ions which
undergo CID, whereas figure 3(a) reflects the overall probability that CID will occur
(but has no direct information on the amount of energy transferred other than it is
sufficient to cause fragmentation). Fig. 3(b) indicates a gradual increase in internal
energy deposition as reflected by the steady increase in the abundances of CH2+ # ,
CH + and C + # with respect to that of CH3"1". The three former fragment ions are
expected to increase in relative abundance with precursor ion internal energy [28].

3.3. C 3 H g + #

Fig. 4 shows the relative abundances of the fragment ions at m/z 29, 28, 27 and
26 from the propane molecular ion colliding with argon as a function of the collision
energy (Fig.4(a)) and as a function of internal energy as obtained by Brehm et al.
with the photoion-photoelectron coincidence method [29] (see Fig.4(b)). At low
internal energies, the m/z 28 ion (ionized ethylene), formed from methane
elimination, dominates. At intermediate internal energies, the simple cleavage loss of
a methyl radical to give the ethyl cation is seen to be the most important process. At
higher internal energies, further fragmentations to give C2H3"1" and C2H2"1"*,
respectively become prominent. Comparison of the two plots of Fig.4 indicates that,
for C3Hg+*/Ar, internal energy deposition does not increase smoothly with collision
energy. Up to a collision energy of ~140 eV the shapes of the relative fragment ion
abundance curves match qualitatively and indicate an average precursor ion internal
energy of 5 eV at a collision energy of 140 eV. At this energy the C2H3+ ion is found
to be most abundant. As the collision energy increases past this point, however,
C2H5"1" once again becomes the most abundant fragment ion of this group and
the abundance of C2H4+* surpasses that of C2H3+. At collision energies greater than
~400 eV relative fragment ion abundances do not change markedly. Also, the
combination of relative fragment ion abundances at any collision energy greater than
~400 eV does not correspond closely to any particular point on the internal energy
axis of the reference plot of Fig.4. This probably reflects a relatively broad
distribution of excitation energies resulting from a distribution of impact parameters
which are integrated into the measurement by collecting products over a wide range
of scattering angles. A wide range of impact parameters is also sampled at low
collision energies but the range of possible excitation energies is limited by a lower
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center-of-mass collision energy. The observation in this case, and others [22], that
general trends in relative fragment ion abundances as a function of internal energy
are qualitatively reproduced in collision energy-resolved MS/MS spectra in the low
collision energy region probably reflects a relatively narrow distribution of
deposited energies under these conditions.

COM. kinetic energy (eV)
10 30 100 300 1000

0.0
10 30 100 300 1000 3000

Lab. kinetic energy (eV)

la)

1.0 2.0 3.0 4.0 5.0

internal energy (eV)

(b)

Fig.4. A plot of selected fragment ion relative abundances from the propane
molecular ion, (a) as a function of the collision energy in collisions
with argon at a pressure of 0.6 mtorr and (b) as a function of internal
energy as obtained from photoion-photoelectron coincidence
measurements [29].
o:C2H5+, x:C2H4+: »:C2H3+ and +:C2H2+*

It could be argued that Fig.4 does not reflect a decrease in the average energy
deposition over the interval of ~ 150-500 eV. Since the 140 eV spectrum corresponds
roughly to the highest internal energy shown in Fig.4(b), the data at higher collision
energies may reflect the branching distribution at higher internal energies. Such a

- 46 -



reversal in relative ion abundances would be suprising, however, as it is expected that
higher internal energies would favour the formation of lower mass fragment ions
(i.e. C2H2"1"*, C2H"1" and C2+ #). Fragment ions at m/z 25 and 24 were also observed
(although they are not included in Fig.4) but the abundance of neither of these ions
was observed to exceed 5% of that of the most abundant fragment ion plotted in Fig.4
at any collision energy. We therefore interpret the data of Fig.4 as reflecting a
maximum in the average energy deposited into the sampled ions at a collision energy
of~140eV.

C.O.M. kinetic energy (eV)
3 10 30 100 300

10 30 100 300 1000 3000

lab. kinetic energy (eV)

(a)

20 3.0 4.0 5.0 6.0

internal energy (eV)

(b)

Fig.5. A plot of the 91 +192 + 'fragment ion ratio from ionized n-butylbenzene
(a) as a function of the collision energy in collisions with
nitrogen (the collision gas pressure is 0.1 mtorr) and
(b) as a function of internal energy as obtained from charge
exchange mass spectrometry [32].
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3.4. C 1 0 H 1 4
+ #

Ionized n-butylbenzene provides another example where relative fragment ion
abundances reflect a maximum in energy deposition in the collision energy resolved
data. This ion has been investigated by a number of groups using several techniques.
Beynon et. al. have used the 91+/92+# fragment ion ratio as a measure of ion internal
energy in a comparison of high energy CID with photodissociation [30] and to
follow changes in ion internal energy with source temperature [31]. The competing
fragmentation pathways which give these ions involve a simple cleavage
fragmentation resulting in the loss of a propyl radical giving C7H7+, and the
elimination of propylene to give C7Hg+#. As the internal energy of the parent ion
increases, the 91+/92+* fragment ion ratio also increases.

0.0 5.0 10.0 15.0 20.0 25.0

Collision gas pressure (mtorr)

Fig.6. Two curves showing the 91+/92+* fragment ion ratio from ionized
n-butylbenzene in collisions with nitrogen as a function of the collision
gas pressure using collision energies of 85 eV and 6 keV, respectively.
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This has been demonstrated in the photodissociation experiments and by Harrison and
Lin using charge exchange mass spectrometry [32]. Dawson and Sun [16] and Cooks
et al. [33] have both reported low collision energy CID data for this system and both
observe that the 91+/92+* ratio increases from a value less than unity at the lowest
collision energies investigated to a maximum of ~5 and ~2.5, respectively, for a
common target gas at a center-of-mass collision energy of ~10 eV. Figure 5 shows
the. 91+ /92+ # ratio as a function of the collision energy from -10 eV (lab) to 6000
eV using nitrogen as the collision gas (Fig.5(a)) and the results obtained from the
charge exchange study (Fig.5(b)). Nitrogen was chosen since both low(<100eV)
and high (2-8 keV) collision energy MS/MS data have been reported for ionized
n-butylbenzene using this target.The data shows the 91+/92+* ratio to increase from a
value of <0.5 at ~10 eV (lab) to a maximum value of -2.5 at a collision energy of
roughly 70 eV (lab) or -12 eV in the center-of-mass reference frame. This ratio
remains relatively constant up to a collision energy of -200 eV after which it
decreases again to a minimum value of -0.5 at a collision energy of -2000 eV.

According to Harrison and Lin, a 91+/92+" ratio of -2.5 corresponds to an ion
internal energy of -4.5 eV [32]. However, a direct comparison of the
photodissociation and charge exchange results with the low collision energy
CID results can be misleading. The ratios reported from the low collision energy
CID experiments are uncorrected for the 9 2 + # ion current which results from
decompositions of metastable parent ions. A significant fraction of the detected 92
+* ions can arise from metastable ion decompositions and thus the fraction depends
markedly on the target gas pressure. For example, using 6 keV precursor ions, the
91+/92+* ratio is 0.24 at a target gas pressure of 0.02 mtorr and it is 1.2 at a target
gas pressure of 0.4 mtorr with an increase of a factor of 3 in the absolute abundance
of 92 + # and an increase of a factor of 15 in the absolute abundance of the 9 1 + ion.
Figure 6 shows the 91+/92+* ratio as a function of target gas pressure using collision
energies of 6 keV and 85 eV respectively. The curves show the 91+/92+* ratio to be
very sensitive to target gas pressure at both collision energies. Note that the ratios
are consistently higher in the 85 eV collision energy data than in the 6 keV results,
indicating a greater average energy deposition over the entire target gas pressure
range using a collision energy of 85 eV. The sensitivity of the 91 + / 92 + # ratio at low
target gas pressures is likely to be largely due to changes in the relative contributions
to the observed MS/MS spectrum from collision-induced dissociations and
decompositions of metastable ions. At higher target gas pressures (> ~3 mtorr)
contributions from multiple collisions are expected to become increasingly
important. This sensitivity of the 91+/92+* ratio to target gas pressure may be the
underlying cause for the different maximum ratios reported in the two low collision
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energy studies (neither of which included a correction for contributions from
metastable ions). The parent ions were formed by different means (atmospheric
pressure ionization [16] vs. 70 eV electron impact ionization [33]) which could result
in significant differences in the number of metastable ions which contribute to the
respective MS/MS spectra.

The C1D data of Fig.5 include contributions from metastable ions. Even at the
lowest pressures attainable in the instrument (6 x 10"7 torr), a significant degree of
CID contributed to the MS/MS spectra so that a straightforward correction for the
contribution of metastable ions could not be made. However, by acquiring MS/MS
spectra at several target gas pressures and extrapolating to low pressure (that at
which the 9 1 + ion current is zero), a rough measure of the 92 + # ion current due to
metastable ion fragmentation could be made. This was done for a few selected
collision energies (85 eV, 500 eV, 1000 eV and 6000 eV). The results indicate that
the same trend is observed when the contribution of metastable ion fragmentation is
subtracted and that the ratios are all higher by ~75 %. A decrease in the 91+/92+*
ratio with increasing excitation energy was not observed in either the
photodissociation or charge exchange studies. This system, therefore, appears to be
another example where energy deposition does not increase with collision energy.

4. CONCLUSIONS

The data for the propane and n-butylbenzene ions indicate that the average
amount of energy transferred from the translational energy of the precursor ion to
internal energy of the ion upon collision does not necessarily increase regularly with
precursor ion translational energy. We interpret this observation as being due to
changes in the relative probabilities of direct vibrational and electronic excitation as
the collision energy increases. The evidence for this conclusion is only indirect,
however, since for polyatomic ions the form in which energy is initially deposited is
not generally reflected in its subsequent fragmentation. A change in excitation
mechanism may be reflected in the MS/MS spectra, however, when a significant
difference in the total inelasticity of the collision prevails for electronic and direct
vibrational excitation in the collision energy region where the two mechanisms cross
over in importance. The data for propane and n-butylbenzene may reflect a situation
where the amount of energy deposited into the ion via direct vibrational excitation
exceeds that deposited via electronic excitation, which prevails at higher collision
energies.
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Linder et al. [34] have presented evidence that the probability for exciting a
particular vibrational mode is maximized when the collision time equals one half the
period of vibration. Following this argument with propane, assuming an arbitrary
but reasonable distance of interaction of 4 A, the velocity of the propane ion which
gives an interaction time equal to one half of the period of the fastest vibration of
propane is 7.1 x 10^ m/s corresponding to a precursor ion laboratory kinetic energy
of ~ 1200 eV. Direct vibrational excitation can be expected to decrease in importance
at collision energies larger lhan this value. A large group of vibrational modes of
propane have periods in the interval of 2.2-3.8 x 1 0 " ^ s [35]. Direct vibrational
excitation would therefore be expected to be highly efficient in the collision energy
interval of 100 - 470 eV. The data for propane, therefore, support the assertion that
the interaction time is an important parameter in the degree to which vibrational
excitation takes place. Recently, Herman et al. also indicated the importance of
collision and vibration times in low energy collision induced dissociation [36].

A measurement of the cross-section for C1D as a function of collision energy
for an ion with fragmentation behavior which shows a local maximum in energy
deposition at an intermediate collision energy (e.g. ionized propane and
n-butylbenzene) may also be valuable in detecting a change in excitation mechanism.
Refaey and Chupka observed a minimum in the CID cross-section of propane
measured as a function of collision energy as long ago as 1965 and interpreted the
observation as being due to a change in excitation mechanism [37]. Cross-section
measurements were not made in this study for any of the ions other than CH4+* due to
possible instrumental discrimination effects between parent and fragment ions.

A dependence of collision inelasticity upon interaction time has important
implications in practical applications of MS/MS. It is usually desirable to maximize
energy deposition into the ion in MS/MS in order to favor structurally diagnostic
simple cleavage decompositions which are generally more endothermic than
fragmentations which involve rearrangement [38]. In this regard, it may prove
useful to adjust the collision energy to give an interaction time on the order of
one-half the vibrational period of a carbon-carbon bond of the organic polyatomic
precursor ion. For the ions studied here, direct excitation of the faster
carbon-hydrogen bonds does not appear to involve energy transfers as large as those
for carbon-carbon bonds. This observation is based on a lack of a maximum in
energy deposition observed for the methane molecular ion (where only
carbon-hydrogen bond vibrations are possible) and the maxima in energy deposition
for ionized propane and n-butylbenzene occurring at collision energies which give
interaction times on the order of carbon-carbon bond vibrations. More systems must
be investigated to test the generality of this observation. For the high mass molecules
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which can now be formed via some of the new ionization methods in mass
spectrometry [39], ion velocities may be low enough even at keV collision energies to
give an interaction time such that the predominant energy transfer mechanisms
involves direct vibrational excitation. In such a case, a monotonic increase in energy
deposition with collision energy may result.
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CHAPTER IV

A LOW-VOLTAGE ION DESORPTION

SOURCE FOR

HIGH-MOLECULAR WEIGHT IONS

ABSTRACT

With the goal of increasing the mass range of sector type mass spectrometers a
low-voltage ion source has been designed and constructed. For secondary ions,
produced by particle bombardment, the acceleration voltage can be as low as 1 kV,
without affecting seriously the extracted ion currents. The extraction and focusing
geometry in this low-voltage desorption ion source is studied by computer
calculation of the fields and trajectories in the source. Measurements of the secondary
Cs+ abundances from a Csl sample as a function of the acceleration voltage are
presented. Ion currents for organic ions desorbed from a glycerol matrix compare
favourably with data from literature for instruments using much higher acceleration
voltages (6-10 kV). Cooling of the glycerol matrix reduces the losses of the matrix by
evaporation, whereas the matrix properties are not affected. In this way longer
lasting ion currents are obtained.
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1. INTRODUCTION

Due to the many developments in desorption and ionisation techniques for large
molecules in the last years, mass spectrometers have been adapted rigorously for the
analysis of high-molecular weight ions [1-4]. The method of desorption ionization
(DI), in which molecular ions are obtained from a sample by bombardment with fast
(keV) particles, found a breakthrough by the use of liquid matrices [3,5-7].
Experiments were performed to optimize the secondary ion yields [2,8-12] and to
retrieve information on the desorption and ionization process [2,13-15]. These
experiments complemented the large body of literature data on the sputtering of
crystalline targets [16,17] and organic solids [6,7].

It was our aim to design an ion source in which the secondary ion currents
collected from sputtered organic samples are optimized. Several authors have
constructed new ion sources for this reason [9-11]. Colton et al. [11]
computer-modelled their extraction and focusing lens geometries. In static SIMS
applications they apply the principle of dynamic emittance matching, i.e. rastering
both primary and secondary ion beams, to enlarge the viewing area of the sample
[11,12], However, the total length of their source is more than 1 m and they do not
report sensitivities for the sputtering from liquid matrices. Todd et al. [9] correctly
stressed the fact that the demands for DI sources differ from the requirements needed
to optimize ion currents in field ionisation or electron impact ionisation sources. A
combined source will therefore always be a compromise. Their design for a 10 kV
desorption ion source has a three-cylinder lens for the extraction followed by
slit-shaped electrodes to reshape the circular ion image into an elliptical image for
proper transmission through the mass analyzer. The computer program SIMION [ 19]
is used to calculate the ion trajectories in the circular symmetric parts.

As mentioned above, due to the fact that the common Dl-sources in use are in
principle FI- or El-sources, it seemed worthwhile to design a desorption ion source
optimized for analysis of high-molecular weight compounds. The use of liquid
matrices has driven mass spectrometry towards the analysis of biomolecules in the
mass range of several thousand daltons. The required instrumental improvements
have been focused on magnetic sectors with larger radii of curvature and on the
generation of stronger magnetic fields [1,4,19]. Relative little attention has been paid
to the ion optics in the ion source itself [21,22]. In particular, the development of
efficient low-energy ion sources has apparently been overlooked. Experience shows
that the sensitivity of most sector instruments decreases considerably when the
acceleration voltage is reduced to below 2 kV. The low-energy ion source designed
by Katakuse et al. [21] does not seem to have this disadvantage. In their source the
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usual acceleration is followed by a strong deceleration after the entrance slit of the
mass spectrometer. This, however, degrades the beam properties uncontrollably and
their results show a resolution of only 400 (10% valley criterium).

As the ion extraction is determined by fields and not by potentials, it must be
possible, in our opinion, to design an ion source where directly low-energy ions are
obtained in sufficient intensity and with the appropriate beam characteristics.

2. THE ION SOURCE DESIGN

Fig.l depicts the analyzer geometry used for the secondary ion desorption
source. A detailed description is given elsewhere [23]. Ai 1 kV source potential the
mass range is 10,000 dalton at a maximum magnetic field of 1.5 T, of a conventional
iron magnet. The design features of the desorption source were the following (see
also Fig.2): The desorption surface is perpendicular to the optical axis of the mass
spectrometer, The primary beam hits the probe surface under an angle of 70° with
respect to the normal. This angle of incidence was found to produce the maximum
yield of secondary ions [8,18]. The primary beam enters the source in the yz-plane
(see Fig.2). In this way the image of the primary beam on the probe surface has an
elliptical shape with its long axis parallel to the slit height of the analyzer. As the
charged state of the primary particle is not important for the sputter proces, a
primary ion gun (Physical Electronics Industries, Eden Prairie, Minnesota, USA,
model 04-191) was preferred to a fast atom source for its low gas consumption and
ability to focus the beam easily onto the sample. As a consequence the gun and supplies
(max. 8 kV) floats onto the ion source potential. An open extraction geometry around
the probe tip ensures a high pumping speed near the sample which may reduce the
contamination and charging up of the electrodes. Liquid cooling of the
interchangeable probe tip provides a means to reduce the evaporation of matrix
material.

Circular extraction electrodes provide for the acceleration to ground potential.
The Pierce-angle of 70° for the compensation of the space-charge defocusing in a
cylindrical geometry coincides with the entering angle of the primary beam [24].
Therefore, the extraction electrodes are positioned under this angle. In front of the
probe, where the high-mass ions still have a low velocity, the space-charge limited
current density can be of the same order of magnitude as the sputtered secondary
current density. A repeller electrode behind the probe tip is used to define the shape
of the equipotential surface for V=0 (see also Fig.2 and 3), from which the secondary
ions leave the probe.
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Fig.l. Arrangement of the double focusing mass spectrometer. <j>e = tym = 90°'
re = 400 mm and rm = 300 mm.

After the extraction electrodes two pairs of deflection plates are located to
adjust the accelerated beam in x- and y-directions. The ion beam is focused onto the
entrance slit of the mass spectrometer by means of a triplet of electrostatic quadrupole
lenses. Quadrupoles were chosen because of their strong focusing power, their high
transmission and their low aberrations. Another reason to use quadrupole lenses is
the possibility of independent focusing in x- and y-directions [25-27]. A doublet
should have the disadvantage that for stigmatic focusing there is a large difference in
magnification in x- and y-direction, i.e. the distortion is large. By using a triplet this
distortion can be controlled by the extra degree of freedom. An other advantage of a
quadrupole lens system is the fact that computer modelling using the matrix
formalism is relatively simple and yields good results [27].
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primary
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water-cooled
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extraction quadrupole
triplet

beam alignment

Fig.2. Diagram of the low-voltage desorption ion source. The xz-plane is
defined as the median plane. The primary particles hit the probe surface
under an angle of 70° with respect to its normal.

In order to optimize the transmission and focusing of the ion beam computer
simulations were performed on both the extraction section and the focusing section.
From the data obtained starting values were acquired for the tuning of the source.

3. THE COMPUTER SIMULATIONS

The computer program CHEOPS (Computer Handled Electron OPtics
Simulation, see ref.28) has been used to calculate the ion trajectories in the
rotationally symmetric extraction and acceleration section of the source. The
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program also accounts for space charge effects. In a (r,z)-mesh the Poisson equation
is solved using boundary conditions given by the type and positions of electrodes and
insulators. We remark that effects of misalignment, i.e. when beam adjusting is
required, can not be treated in this simulation due to the fact that only cylindrical
symmetric boundary conditions can be handled by the program. Starting with a
number of rays emitted from the probe surface at specific positions and with
prescribed angles and energies, the ion optical properties of the system can be
investigated.

The imaging properties of the system can be depicted by the change in the phase
space volume occupied by the beam. Liouville's theorem states that the density of the
cloud of points in phase space, representing the ion beam in actual space, stays
constant in a field free region [29]. When we now accelerate a beam with energy eV0

to an energy eVj, the Helmholtz-Lagrange relation holds for the brightness of the
beam [29]. Denoting, in the case of imaging, the linear magnification as Mj and the
angular magnification as M a this results in

M 1 . M a = > /V 0 /V 1 (1)

In order to obtain high transmission and small aberrations the emittance of the source
should match the acceptance of the mass spectrometer. To obtain this, intermediate
foci and large angles must be avoided in the source, as was also recognized by
Delmore [30]. Therefore extraction and acceleration must be gradual and must yield
a beam of parallel rays independent of angle and position of emission at the probe
surface. In the linear case the beam transport can be described by a 2*2 matrix A
which converts the starting ray (r0 , oc0) into an exiting ray (rj, 04) according to

r l A l l A12 r<0
( ) = ( ) . ( ) with detA = VV 0 /Vj (2)

«1 A21 A22 <*o

In the calculations a value of 0.7 eV was used for Vo, an upper value obtained for the
widths of measured energy distributions of organic ions sputtered from liquid
matrices such as glycerol [13,14]. Fig.3 gives an example of the ion trajectories
starting with cc0 = 0 in the extraction field as calculated with the CHEOPS-code.
Examining the change in shape of the phase space volume occupied by the beam we
are able to optimize the electrode potentials. Fig.4 shows the phase space picture for
the extraction conditions shown in Fig.3. For r0 < 2 mm and a 0 < 0.3 rad the
imaging was found to be linear and could be described with a 2*2 matrix.
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Fig.3. Equipotential surfaces and ion trajectories in the extraction part of the
ion source as calculated with the CHEOPS-code.

For larger ro the lens filling became too large. An ideal parallel outcoming beam
would be obtained when A21 and A22 are small. As A22 can be interpreted as
the angular magnification M a , the beam has a decreased divergence for small values
of A22- For the conditions given in Fig. 3 and Fig.4 we obtain (in mm and rad)

A =
0.42 1.5

-0.009 0.03
(3)

Indeed A21 and A22 are much smaller than A] j and Aj2- Furthermore, the potential
of the repeller electrode was found to be important for focal action. Varying this
potential, the position of the singular point where the surface for V=0 touches the
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probe surface, can be varied. With a high repeller potential this point lies on the front
side of the probe distorting the uniform extraction field. For low repeller potentials
the surface for V=0 does not even reach the probe. In the optimum case, as depicted
in Fig.3, this equipotential surface touches on the very edge of the probe resulting in
an optimal extraction (not shown).

a j(mrad)

(mm)

Fig.4. Reduction of the phase space volume occupied by the beam in the
extraction geometry shown in Fig. 3. The volume decreases with a
factor given in eq. (1). The imaging is linear, i.e. higher-order
aberrations are not yet significant.

Altogether, we can conclude that from the trajectory calculations a quantitative
feeling is obtained for the beam properties. We remark, however, that in the case of
desorption from a liquid it is difficult to take the shape of the desorption surface and
the amount of surface charging into account. In practice tuning of the electrode
voltages, especially of the repeller, will therefore always be necessary.

After the acceleration section the ions are imaged onto the entrance slit of the
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analyzing section with help of a quadrupole triplet. The considerations which led to
the choice of such lenses were outlined above. The focusing action can again be read
from the change in shape of the phase space volume occupied by the beam. As there is
no change in forward velocity the emittance of the beam is constant. However,
because the focal actions in x- and y-direction are different, both planes have to be
treated separately.

(a)

II

H D

D

(b)

F=Tce

emittance diagram at
entrance plane I

emittance diagram at
exit plane II

Fig.5. (a). Shaping of the ion beam by a triplet of electrostatic quadrupole
lenses in the xz-plane. F and D denote "focusing" and
"defocusing" respectively. The strengths of the succesive quadrupoles
change in sign.
(b) and(c) show the emittance diagrams for two planes
I and 1I. As the emittance e is constant and the imaging is linear,
xm , xm', ym and ym' define the final beam shape.
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Fig.5 depicts schematically the focusing of the triplet and defines the various
quantities of importance. At the entrance plane I the phase space volumes for x- and
y-directions are chosen to be equal, because of to the circular symmetry. The
volumes are shown as ellipses with area Kt, where e is defined as the emittance (see
Fig.5b). At the exit plane II the phase space volumes have changed their shapes and
are uniquely defined by the points (xm , xm ') and (ym , ym ' ) (see Fig.5c). For the
desorption ion source three quadrupoles were chosen in order to enable one to fix the
parameters x m , x m ' and y m ' of the beam at the position of the defining slit. A
computer program is used to search for the lens voltages Vqj (i=1,2,3) that satisfy
these demands.

6.0 J I J I I I I

Fig.6. Calculated beam envelopes in the focusing section of the ion source in x-
andy-direction. In both directions a focusing effect is obtained.
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Fig.6 shows a typical result of such an optimization for an e of 1.0 mrad.mm. In the
x-direction the parallel incoming beam is focused onto the entrance slit and in the
y-direction again a parallel beam emanates. In general, the quadrupole voltages are in
the order of ±0.1 Vo . The values decrease with about 8% when in the calculation an
effective quadrupole length 1'= 1+d is used, where 1 is the actual quadrupole length
and d is the gap width between two successive lenses [31 ]. Sets of V^j were calculated
for various opening angles at the entrance of the quadrupole section (at z=0 mm) and
different widths and opening angles at the entrance slit (at z=85 mm). The dependence
on the slit width was found to be negligible, which means that for different mass
resolutions the quadrupole settings have not to be changed. There is a small
dependence on the opening angle at the entrance slit (at z=85 mm), but the influence
on the lens voltages due to the opening angles of the incoming beam (at z=0 mm) is
much larger. This means that the shape of the emittance diagram at the end of the
extraction section determines the voltages Vq; .

4. RESULTS AND DISCUSSION

4.1. SECONDARY-ION YIELDS

Experimentally, the observed signal strength was found to be not too critical
with respect to variations in the quadrupole lens potentials, i.e. not too large changes
in one quadrupole lens strength could be compensated by the other quadrupole lenses.
This indicates that the phase space volume available from the source (i.e. the
emittance) is larger than the phase space volume which can be transmitted through the
analyzer (i.e. the acceptance). This is problably due to the large angles of emittance at
the probe surface (up to 1 rad), compared to the small angles (several mrad) accepted
by the analyzer.

The performance of the ion source was tested by measuring the secondary-ion
sensitivities (in C/|xg) and maximum obtainable currents for a number of samples.
Measurements were performed using a stainless steel probe. As secondary ion
abundances at the detector depend on the acceptance of the analyzing instrument and
thus on its size, comparisons will be made with instruments with similar geometries.
The primary current density of about I pA/mm^ was measured on the probe tip when
the source voltage was on. Using Csl as sample, the blue fluoresence, originating
from the cesium, could be observed through a viewport. In this way the focusing and
alignment of the primary beam onto the probe could be checked. The spot was
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observed to be an ellips with an area of about 4 mm^. The sensitivity in C/yig for a
given sample measured at a given resolution provides the best figure of merit to
define unambiguously the efficiency of a source in combination with a specific
analyzer [30]. Using this quantity for the sensitivity, all parameters of the sputter
process such as primary current, energy, particle mass and irradiated area are not
important. Only in order to have an idea of the signal strength secondary currents are
useful [8]. However, because most authors only report maximum currents obtained,
often without fully specifying the primary beam parameters, this quantity will be
used for comparison. Table 1 gives the results for the desorption ion source described
above and, for comparison, for the sources used in the ZAB-E and -HF commercial
instruments [4], and for the desorption ion source constructed by Todd et al. 19], all in
combination with their respective analyzers.

This work

ZAB-E
ZAB-HF [4]

Todd
etal.[9]

sample

glycerol
glycerol
Csl
vit.B12

glycerol
glycerol

glycerol
vit.B12

m/z

93
369
133

1329

369
369

93
1329

Vp(primary)
(kV)

4(Xe+)
4(Xe+)
4(Xe+)
4(Xe+)

10(Xe°)
10(Xe°)

5(Ar+)
5(Ar+)

v l
(kV)

3
3
3
3

10
10

10
6

15 { 1 C\Qt \
)S\ 1 VJ /O J

1000
1000
1000
1000

1000
1000

2000
1200

current
(A)

3.10-10

l . io-n
1.10-9
1.10-14 *

2.10-H
6.10-12

2.10-10
2.10"15

Table 1. Secondary ion yields for different samples measured with the
desorption ion source and compared with data reported for other mass
spectrometers. Vj is the ion source voltage, R gives the mass
resolution at 10% valley. *: This corresponds to 4.10"'^ C//J.g.
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Our results taken at a source voltage of 3 kV and a primary current density of
1.7 jj.A/mm"2 compare well with the values of other instruments taken at higher
source potentials. Assuming that theoretically the secondary ion yields are
proportional to the momentum of the primary particles [8,33] and the transmitted ion
current is proportional to to the source voltage (see Fig.7), the improvement with
respect to the two ZAB instruments is a factor of 3 and 9 respectively. The maximum
currents obtained from vitamin B12, sputtered from a glycerol matrix, are 5 times
larger than measured by Todd et al. Pure Csl was found to be a good sample to use as
a calibrant for the source sensitivity because it is easy to handle, no matrix effects
have to be taken into account, and it gives high secondary currents.

2-

1-

O

(Cs+)

o

Fig.7. Sensitivity of the ion source in combination with the analyzer in ClfXgfor
a Csl sample at a resolution ofR(10%)=1000 as a function of the source
voltage Vj.
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It was therefore used to quantify the efficiency of the source as a function of the
source potential from 1 to 3 kV. Fig.7 depicts the measured dependence. The decrease
in sensitivity with the source voltage is stronger than is theoretically predicted by the
square root dependence given in eq.(l). This could be due to higher-order
aberrations which reduce the transmission through the entrance slit. However, the
sensitivities still compare favourably with those of other instruments [4,9].

4.2. SAMPLE COOLING

The effect of water cooling of the probe was studied with time-dependent
measurements of secondary glycerol spectra. From the temperature-dependent ion
emission times the rate of evaporation relative to the sputtering rate can be retrieved.
Temperature-dependent measurements will also give information on the importance
of the mobility and diffusion in the matrix during sputtering. Barofsky et al.[33] have
measured gravimetrically the rate of evaporation of glycerol and the sputter yield Y,
defined as the number of sputtered particles per incoming primary particle at room
temperature. For 3 keV indium ions they obtain a value of about 1000 for Y. Field
[15] estimates the sputter yield to be between 30 and 300 in the case of 5 keV Ar+ on
glycerol. Sputtering and evaporation are estimated to be of equal importance at
typical current densities of ~1 |xA.mm'2. By varying the temperature the rate of
evaporation can be changed relative to the sputtering rate.

From thermodynamic data the vapor pressure and rate of evaporation can be
easily calculated. The vapor pressure as a function of temperature can be obtained
from the tabulated heat of evaporation and the boiling point of glycerol [34] using the
well-known Clausius-Clapeyron equation,

p -L 1 1
In (—) = — ( ) (4)

Po R T To

where p is the vapor pressure, L the latent heat of evaporation, R the gas constant and
T the absolute temperature. The evaporation rate J e (in g.s'^.cm"^) can be
calculated from

PCD
Je(T) = Cg.M. (5)

kT
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with M the molar weight of glycerol and C g the effusion conductance of its vapor
(6.39 l .s^.cnr2 , see ref.35). Values calculated for J e (5.10"6 g.s - ' .cm"2 at 16° C)
agree with data of Barofsky et al.[33].

1000 2000 3000 . 4000 5000 6000 7000

Fig.8. Time dependence of sputtered glycerol spectra. Intensities relative to
the (M+l)-intensity are given. mlz=277: (3M+1), mlz=185: (2M+1),
mlz= 57: (M-H2O+I) and mlz=19: (H3O).

: without cooling and : with cooling.
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The lifetime of glycerol was measured under continuous radiation with a
primary beam of 3.3 keV Xe+ particles at a current density of about 0.6 nA.ram"^.
2jnl was put on the probe tip at room temperature and on a water-cooled probe tip
(water temperature 10°C). However, an accurate estimation of the sample
temperature under irradiation is difficult to give. The lifetime for evaporation of a
droplet with a surface of 4 mm^, calculated with help of eq.(4) and (5) for a
temperature of 10°C, is about 1.104 s (or 170 min.). For 30°C it is only 1.3 .10 3 s
(or 22 min.). From the spectra, it was observed that after a certain period of
irradiation, together with an decrease in total secondary ion current, the number of
fragment peaks in the spectrum and their relative intensities increase, indicating the
exhaust of the sample. Analogous to Field [15], the relative intensities with respect to
(M+l ) + of some characteristic peaks were plotted in Fig.8. Without cooling the
measured lifetime agrees wit the results of Field [15]. With cooling the lifetime of the
liquid increases with a factor of about 3, as read from Fig.8. As the rate of depletion
is the sum of evaporation and sputtering, and the actual sample temperature is
uncertain, it is only possible to estimate the relative importance of evaporation and
sputtering rates. From the increase in lifetime of a factor of 3 it can be seen, that
without cooling the sputter rate J s < 1/2.Je.

In order to obtain a qualitative result on the matrix properties of cooled
glycerol, the sensitivity in C/(xg for vitamin B12 was measured. With cooling an
increase in sensitivity with a factor of about 2 was seen. We can therefore conclude
that the cooling of the sample to about 10°C does not deteriorate the matrix
properties. This, although the glycerol droplet in the source is seen to become
opaque when cooled, indicating a certain amount of coagulation. At this temperature
we do not see the loss of matrix properties as observed by Wong et al. [36] at liquid
nitrogen temperatures. From our measurements we conclude that a decrease in
diffusion coefficient, as induced by a decrease in temperature, does not lead to a
strong change in spectrum quality. This supports the view of Wong et al., that the total
volume damaged by radiation is sputtered in one impact [37],

5. CONCLUSIONS

It was shown that with a good ion-optical design the sensitivity for desorption
ionization of involatile compounds can be improved, in particular at low acceleration
potentials. This last feature enables one to increase the mass range of sector type
instruments considerably. A good computer simulation of the design is necessary for
the optimization of the ion optics and trajectories. In order to enable a good
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quantitative comparison between the several sources and instruments available, it is
necessary that more extensive and uniform specifications are given.

Cooling of the glycerol matrix to about 10°C reduces the evaporation losses
with at least a factor of 3, without affecting the matrix properties.
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CHAPTER V

THE USE OF AN ELECTROSTATIC

QUADRUPOLE AS A FIELD LENS

IN A DOUBLE-FOCUSING

MASS SPECTROMETER

ABSTRACT

With the intention to optimize the transmission of a Nier-Johnson type of
double-focusing mass spectrometer an electrostatic quadrupole lens was inserted at
the site of the intermediate focus of the mass spectrometer. This quadrupole acts as a
field lens, therefore the object and image distances in the median plane stax
unchanged, and provides focusing in the direction perpendicular to the median plane.
As a result, the transmission through the magnetic sector is enhanced with a factor of
2 or more. With the help of the TRIO-program the imaging properties up to third
order were calculated. The second-order image aberrations were found to decrease
when using the quadrupole lens.
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1. INTRODUCTION

Since Dempster built the first double-focusing mass spectrometer [1], one has
tried to enhance the mass resolution of these sector instruments for the goal of precise
mass measurement. High resolution, however, was attained with narrow slits and
collimated ion beams and therefore the sensitivity was low. In order to permit
accurate mass analysis for heavy molecules, one also has to increase the sensitivity.
Due to the progress made in the development of new ionization techniques, such as
field desorption, particle induced desorption, and laser desorption [2], mass
spectrometric analysis of high-molecular-weight organic compounds became
possible, but then the improvement of the ion optics of the apparatus becomes
essential. There are several possibilities for optimization of the performance of
double-focusing instruments. Many contributions have been made to this field,
especially by Matsuda and coworkers [3,4,5]. This group uses a matrix method to
calculate, up to third order, the imaging properties of mass spectrometer systems
consisting of sector fields and multipoles. For the calculation of second- and
higher-order coefficients of an imaging system, the fringing fields must be taken
into account. Their properties have also been calculated up to third order [6,7,8] and
are contained in a computer program called TRIO (Third Order Ion Optics), which
has been developed by Matsuo et al. [9]. The ion-optical calculations given in this
paper are made with this program.

Important features in enhancing the sensitivity at a given mass resolution of a
sector-type mass spectrometer are stigmatic focusing and decreasing the second-order
aberrations. To attain these improvements one can use e.g. a toroidal electrostatic
field, an inhomogeneous magnetic field, or add a quadrupole lens. In the set-up of our
double-focusing mass spectrometer, which consists of a cylindrical electric field and a
uniform magnetic field, we wanted to improve the sensitivity in order to have a
higher signal-to-noise ratio in the high mass range (up to m/z=10,000). Because, in
the original set-up, there was no focusing in the direction perpendicular to the
median plane, the addition of an electrostatic quadrupole lens yielded the most
straight-forward solution. As we considered it too complicated and time-consuming
to change the geometrical setup and redesign the instrument, we located the
quadrupole as a field lens [10,11] on the focus of the electrostatic analyzer. In this
paper the results of this extension of the mass spectrometer, experimental as well as
computational, are given.
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2. THE QUADRUPOLE LENS

The image of an object with parameters x0 , y0 , cc0 , (5O , 8 and y, where x0

and y 0 are the radial and axial distances from the optical axis, a 0 and (30 are their
respective inclinations from the optical axis, y is the relative mass deviation, and 8 is
the relative energy deviation of the charged particle entering the ion optical system, is
given by a formula for the half-width xj and half-height y\ of the image. Up to
second order, we obtain for x j [12,13]

= Ax x0 + A a a o + A T Y + A58 + A x x x 0
2 + Ax{Xxoao

+ Ax y xoY + A x8 x o 8 + A a a a o 2 + A a 8 « o 5 + A a y aoY

A55S2 + A y y y 0
2 + Avpyopo+

and y 1 is given in first order by

At the position of the exit slit of a double-focusing mass spectrometer, A a and Ag
should be zero. Then A x gives the linear magnification and Ay the mass dispersion.
Stigmatic focusing requires also Ag to be zero. The second-order coefficients which
determine the aberrations in practice are Aaa, A a § , A55, A v v , Avft , and Anp

The geometry of our double-focusing instrument is given in Fig.l and Table 1.
The entrance and exit angles of the magnet are 0°, and the radii of curvature of
entrance and exit planes are infinite. The mass resolution R is given by

R= - (3)

Ax s + d + A

where s and d are the widths of the source and collector slit respectively, and A the
total amount of image aberration. In order to increase R for a given slit width s, one
has to increase Ay/Ax and/or decrease A.
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3-slit

exit slit

—i— source slit

Fig.l. Field arrangement of the double-focusing mass spectrometer. The
p-slit at the intermediate focus controls the energy spread in the ion beam.

radius electric sector
deflection angle electric sector
radius magnetic sector
deflection angle magnetic sector
drift length
drift length
drift length
drift length

re
*e
rm

•©
-

'e
•e"
•m'
W

400 mm
90°
300 mm

90°
232 mm
69 mm
420 mm
214 mm

Table 1. Ion optical parameters of the mass spectrometer.
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AyAx is set by the geometry of the deflection fields and their intermediate distance.
Locating a quadrupole lens at the position of the intermediate focus should

enhance the transmission, due to the focusing action in the y-direction, and,
moreover, could decrease the second-order aberrations, especially A v v ,Ayg and

. In light optics, such a lens is used to increase transmission in a relay system.A
since it decreases the beam angle for oblique rays without changing the object and
image distances [11]. As we intended to maintain the (i-slit, which enables one to
control the energy spread of the ion beam, it was decided to construct two
quadrupoles, one on either side of the intermediate focus (see Fig.2). A Faraday cup
or diaphragm can be inserted into the beamline between the middle shielding
electrodes. Circular poles were used with a radius of 1.15 r0, where r0 is the radius of
the inscribed circle of the quadrupole. Due to this choice of the pole radius, the
dodecapole field component vanishes and the pure quadrupole field is approximated
up to the 20-th order component [14].

- slit

1cm
shields

poles

Fig.2. Schematic diagram of the construction of the quadrupole lens.
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In the following calculations, the effective length for each quadrupole is taken as
L+D, where L is the actual length of the rods and D is the distance between ihe pole
ends and the apertures [15]. The whole package was glued together with epoxy
resin,so that it could easily be inserted into the flight tube of the mass spectrometer.
Both quadrupoles were tuned with the same potentials. It was possible to shift the
saddle point of the field by asymmetric voltages in order to correct for beam
deviations.

Considering the second-order aberrations in the image width the following
expression is useful,

= Bcca«o2 + B a 5 a S + B S 5 s 2 + Byy(vo / rm)2

2 (4)

where Bj; are the so-called reduced second-order coefficients (cf. with eq.l). The
imaging properties of the mass spectrometer were calculated with the TRIO-program
for three different cases (see Table 2). Case (a) gives the relevant coefficients for the
old set-up without the quadrupole lens. In case (b), the quadrupole strength was
optimized with respect to the best second-order focus, and in case (c) with respect to
the best axial focus. Going from case (b) to (c) the quadrupole strength changes only
with about 10%; therefore optimal y-focusing and minimalisation of the second-order
aberrations are reached almost simultaneously. The fourth column (d) is taken from
ref.8 and gives the figures for a conventional Nier-Johnson geometry for comparison
[16]. Examining Table 2, it can be seen that, due to the quadrupole, the coefficients
Byy, Byg and BRR decrease considerably. The use of an toroidal electrostatic
analyzer instead of a quadrupole lens yields a similar reduction of these three
aberration coefficients [12]. The advantage of the quadrupole lens, however, is the
fact that it can be adjusted in strength without changing the ion optics in the median
plane. This can be concluded from the small changes in le' and lm" (in the order of 0.2
mm). Of course, it is possible to obtain a much better second-order focusing, i.e.
small Ajj , but therefore the whole E-Q-B combination has to be optimized with
respect to all its geometrical parameters [12]. The coefficients B a g and B55 show an
increase, but if we calculate A for

cc0 = 0.002 rad, P = 0.001 rad, y0 - 0.001 m, 8 = 0.001
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(a) (b) (c) (d)

_

Bacc

B55
Byy
B y P

A(um)

le'(mm)
le"(mm)

0.565
0.857

-0.006
0.57
-0.29
-0.87
-9.44
-26.1
20.6

2.32.6
213.9

1.03
6.90

0.565
0.857

-0.006
2.63

-1.71
-0.35
-0.23
-2.59
4.2

232.4
214.1

-0.81
1.22

0.565
0.857

-0.006
3.09
-2.17
-0.62
-0.64
-1.19
5.6

232.4
214.2

-1.215
-0.03

0.68
084

0.13
-0.06
0.32
-0.87
-9.94
-28.7

1.10
8.04

Table 2. Calculated coefficients satisfying A a= A§=0 and lm"+ lm'= fixed.

and the absolute values of B jj, we obtain a decrease in A with a factor of about 4 (see
Table 2). A graphical representation of the calculated results is given in Fig 3. In
Fig.3a case (a) is depicted. Due to the absence of y-focusing many rays are cut off. In
Fig.3b case (c) is drawn. The transmission is enhanced, but because of the defocusing
effect in the median plane the beam becomes broader. Experimentally the quadrupole
lens was tuned for optimum transmission at a certain resolution. The voltages used
were in the range expected from the calculations. Up to a resolution of 25,000 (10%
valley criterion) the transmission, and thus the sensitivity of the mass spectrometer
increased with a factor of between 2 and 3. The magnitude of this increase will, in
general, depend on the physical dimensions of the mass spectrometer and on the
emittance of the ion source used.
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X-DIRECTION

E Q

1

E Q

»= o.o
a-- 0.00'

V= 0.0
6= 0,001

x = 0.0
a -. 0.001
Y=0.0
5=0.001

Y- DIRECTION

E Q M

V -0.0C-

V = 0.001
fl = 0.005

/g .3. Radial and axial focusing properties of the ion-optical system,
(a) Without quadrupole lens; (b) With quadrupole lens.

3. CONCLUSIONS

It is possible to improve existing Nier-Johnson type of double-focusing mass
spectrometers with respect to transmission and second-order aberrations with the aid
of a quadrupole lens without changing the geometry of the apparatus. The necessary
adaptations are relatively simple.
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CHAPTER VI

SIMULTANEOUS ION DETECTION IN A

DOUBLE-FOCUSING MASS

SPECTROMETER WITH SPECIALLY

SHAPED MAGNETIC POLE FACES

ABSTRACT

The entrance and exit pole faces of the magnetic sector of a Nier-Johnson type
mass spectrometer were designed to allow the simultaneous recording of ions over
a A mlm range of11% with a micro-channelplate detector. The aim was to obtain a
flat focal plane perpendicular to the main trajectory by shaping the exit plane of the
magnetic sector. The position of the focal plane of the mass spectrometer was
determined by first order calculations, neglecting the fringing field effects. The
angular aberration coefficient was minimized by shaping the entrance plane of the
magnetic sector. The exit plane had to be defined by a fourth order polynomial,
wheras for the entrance plane of the sector magnet a second-order polynomial
sufficed. By third-order matrix calculation the fringing fields were taken into account
and the double-focusing condition was proved to hold over the mass range
considered, i.e. the planes for energy and angular focusing coincided. Mass spectra
were recorded with a position-sensitive micro-channelplate detector. A mass
resolution of 3000 (FWHM) was obtained in the simultaneous detection mode over a
total length of 30 mm, whereas in the scanning mode the normal high resolving
power was obtained. The maximum measurable count rate is limited by the detection
electronics and is about 2.10^ W-
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1. INTRODUCTION

Simultaneous ion detection is superior with respect to a scanning mode of
detection in several respects. In scanning instruments a loss in sensitivity of several
orders of magnitude is caused by the limited detection time alloted per mass peak.
Moreover, short-lasting phenomema like laser desorption and feeble desorption
spectra of large organic ions are difficult to monitor [1,2].

The Mattauch-Herzog type double-focusing mass spectrometer [3] was designed
to have a flat focal plane, in order to image a large mass range simultaneously onto a
photographic plate. Although the resolution of this detection system is unequalled, the
sensitivity and dynamic range are low and the read-out procedure is time-consuming.
Electronic simultaneous detection systems offer a much higher sensitivity and
dynamic range, combined with on-line read-out facilities.

One of the engineering difficulties with simultaneous ion detection in other
sector type instruments is to obtain a flat focal plane, which coincides with the plane
of detection. Tuithof, Louter, Boerboom and coworkers [4,5,6] designed therefore a
single focusing system, where a triplet of magnetostatic and electrostatic quadrupole
lenses is used to vary the position and the inclination of the focal plane. In their
tandem mass spectrometer the electro-optical detection system consists of two
micro-channelplates (MCPs), a phosphor screen and a photodiode-array coupled to a
computer for read-out of the spectra [7]. A resolution of about 2 line pairs per mm
(10% valley criterium) was obtained. A similar electro-optical detection system is
used by Giffin et al.[8] in a Mattauch-Herzog type mass spectrometer. It was designed
to cover a mass range of 30-1000 amu with a series of MCPs, fiber optics, and
photodiode arrays. Hedfjall et al. [9] also used a detector configuration of MCPs, and
a phosphor screen with a single 25 mm photodiode array to detect a mass range of
8% behind a single magnetic sector. However, the detector was placed at an angle of
about 45° with respect to the main trajectory to approximate the focal plane.

Another type of position-sensitive detector using MCPs has been developed in
the last decade [10,11] with a much higher spatial resolution than the detection system
mentioned above. Contrary to the integrating or analog method used in the
configuration with a phosphor screen and a photodiode array this is a single event
method. Here, a multi-anode array detects the centre of gravity of the electron cloud
leaving the MCPs. This yields the position of the incoming ion. The detection system
used in the experimental set-up described here is based on this so-called charge
division method.

In order to apply these detection systems in sector instruments efficiently one
encounters the ion-optical problem how to obtain a flat focal plane perpendicular to
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the main optical axis. There exists a large body of literature on the subject of ion
optics of dipole magnets 112-19]. In general, a coordinate frame moving along the
main trajectory is defined. The ion trajectories are then calculated relative to this
frame with a matrix formalism. Introducing series approximations higher order
terms are taken into account. Several authors calculated the effects of curved pole
faces [18] and of fringing fields [16,17,20] up to third order. T.Matsuo et al.
developed the computer program TRIO which calculates with the matrix method the
imaging properties of mass spectrometer systems up to third order [ 17,21 ]. However,
the TRIO program calculates the imaging properties for a single main trajectory
only. Determination of the focal plane with this method, therefore, requires an
elaborate transformation between the coordinate frames of ions of different masses.
Louter et al. did this for a magnetic sector with a circular exit plane [5], in order to
calculate the influence of instrumental parameters such as quadrupole strenghts and
curvature of the exit pole face of the magnetic sector on the position and orientation
of the focal plane. For arbitrary entrance and exit planes this procedure is highly
complicated.

cylindrical
electric
condenser

quadrupole
lens

magnetic
sector

I'n,

p-slit

exit slit —

— source slit

Fig.l. Field arrangement and parameters of the double-focusing mass
spectrometer.
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In our project we adapted the double-focusing mass spectrometer, depicted in
Fig.l, for simultaneous detection in order to increase the sensitivity, especially in the
high mass range. In the Nier-Johnson geometry already an electrostatic quadrupole
lens has been added to provide focusing in the axial direction [22]. We developed a
simple calculation method using a fixed reference frame to calculate the ion optical
properties of the magnetic sector. With this method the shape of the entrance and exit
planes of the magnetic sector could be calculated in order to attain a flat and
perpendicular focal plane and to minimize the second-order opening angle
aberration. These first-order calculations were checked by third-order matrix
calculations (TRIO program) and were experimentally verified by means of a high
resolution position-sensitive detection system.

2. THEORETICAL CALCULATIONS

Fig.2 shows the magnet configuration with its parameters. The coordinate
frame chosen is fixed and has its origin at the centre of the main orbit with radius of
curvature r m (see also Fig.l). The radius of curvature of the orbit of an arbitrary
mass m will be denoted by r(m). The trajectories for mono-energetic ions start at the
object point of the magnet defined by (x0, y0) = (-Im', r m ) . Rays are emanating
towards the magnetic field with an opening angle a in the median plane. The
intersection of an ion trajectory with the entrance plane x=f(y) is denoted by (xj, yj).
This point is defined through the equations

y r r m = ( x i + l m ' ) t a n a a n d x i = f ( y ) ( ' )

From this point a circular orbit starts tangentially to the incoming ray, which is
defined through

(x-xc)2 + (y-yc)2 = r2(m) (2)

The centre of the circular orbit (xc,yc) is defined by

x c = x i +r(m) sin a and y c = y j -r(m) cos a (3)

The ion trajectory intersects the exit plane y=g(x) at the point (X2,y2) defined by

(x2-xc)2 + (y2-yc)
2 = r(m)2 and y2 = g(*2) (4)
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entrance plane x=f(y)

(xoyo)

e» x

(xf,yf)
focal plane

Fig.2 Magnet configuration in the median plane with the ion optical parameters
involved. The main trajectories for three different masses are depicted
with their paraxial focii. (xo,yo) and (xf.yf) are the object and image
positions, respectively, (x^y/) and (X2J2) are the points of entrance
and exit, respectively.

The outgoing ray is again tangent to the circular orbit at the position (X2,y2), and is
given by

(x2-xc)(x-x2) + (y2-ycXy-y?.) = (5)
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In order to obtain the image point for a ray departing with opening angle a, this ray
is intersected with the trajectory for cc=0 yielding the position yf (a). Taking now the
limit for cc—» 0, the paraxial focus denoted by (xf,yf) is calculated. The shift in this
intersection point as a function of the opening angle a is given by the opening angle
aberration A a a a?- [17]. Fig.4 shows this error in the image font :.tion. Calculating
now (xf,yf) for different masses with radii of curvature r(m), one obtains the plane
for angular focusing for a homogeneous magnetic field without "ringing fields.

The following procedure is now used to determine the optimal shape of the
entrance and exit planes.

-120

-160

-200

-240

-280

T

- (b)

240 260 280 300 320 340 360

Fig.3 The calculated position of the focal plane for angular focusing
(a) with flat and perpendicular entrance and exit pole faces.
(b) with optimized exit pole face.
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Firstly, the focal plane is calculated for a flat entrance plane X] =0 and a flat exit
plane y2=0. For this configuration the focal plane makes an angle of 56° with the
normal of the main orbit. This is in agreement with "Barber's rule", that for a
homogeneous magnetic field with flat and perpendicular entrance and exit planes the
object, the vertex, and the image lie on a straight line [11]. This plane is depicted in
Fig.3 by line (a).

A fourth order polynomial is now used to describe the exit plane which rotates
and flattens the focal plane.

g(x) = A(x-rm)2 + B(x-rm)3 + C(x-rm)4 (6)

The linear term in the right-hand side of eq.(6) is absent, because an oblique exit
plane for the main orbit with r(m) = r m will give only a shift in the focal point [14],
with the consequence that the double-focusing condition will not be fulfilled anymore.
The quadratic term in eq.(6) determines the orientation of the focal plane. The
coefficient A is negative which can be explained as follows. Firstly, e' and e" are
defined as the angles of incidence and exit of the ion trajectory with the normal of the
respective pole faces, where e' and e" are positive if the normals to the pole faces are
on the outside of the ion trajectory with respect to the centre of curvature. For e">0
the focusing in the median plane will decrease. Therefore lm" will be lengthened. For
e"<0 the opposite will occur. Examining Fig.3 we remark that for r(m) < r m

defocusing is required, i.e. e">0, but that for r(m) > rm an extra focusing effect is
demanded, i.e. e"<0. Therefore, the exit plane is concave. However, this shape will
increase the a^-aberration, and correction by a curved entrance plane will be
necessary. The higher order terms in the right-hand side of eq.(6) are meant to
compensate for the increased curvature of the focal plane, generated by the
second-order term. The coefficients A,B and C were optimized by minimizing the
maximum variation in yf over the range r(m)=(rm-15 mm, rm +15 mm). This range
is equivalent to a mass range Am/m of 20%. This optimization yields line (b) in Fig.3.
The maximum deviations in focal distance yf for a mass range of 10% and 20%, are
now 0.3 and 0.5 mm respectively. The values for the coefficients obtained for the
focal plane (b) are

A =-8.0 l O ^ m m - ^ B =4.0 10-5 mm"2 and C = -1.15 10"7 mm"3 (7)
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a=0

Aaa.a/

• ^ y l a )

Fig.4. Schematic diagram, of the image formation by the magnetic sector
including the effect of angular aberration, a and <xr are the pencil angles
at the object and image position respectively. Aaa ar is the
opening angle aberration.

Finally, the shape of the entrance plane can be optimized in order to correct for
the second-order angular aberration. The same procedure for the calculation of
(x f,y f) as described above is followed. The shape of the entrance plane is given by

f(y) = D(y-rm)2 (8)

Using the values given in eq.(7) for A,B and C, the coefficient D defined in eq.(8) is
chosen to minimize the angular aberration. The parameter D is positive as the concave
exit plane has to be corrected for by a convex entrance plane. As expected the
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optimization of D did not change the position of yf. The variable Ay given by

Ay(a) = yf (+ a) - yf (- a) (9)

is a measure for the opening angle aberration. Fig.4 shows the geometrical relations
between the different quantities. In analogy with the definition of a as the pencil
angle at the object point, af is defined as the pencil angle at the focal point. These
angles are related to one another by the linear magnification M [23]

a rm
(10)

Of W

Together with the quantities defined in Fig.4 this leads to

2a2Aaot

Ay(a) = = ( 2 M A a a ) a (11)

«f

Thus Ay(a) varies linearly with a, which is, indeed, found when a is varied from
1.0° to 0.001°. For a homogeneous magnet with flat, perpendicular pole faces the
constant A a a is given by [23]

A a a = ( M) (12)
2 M2

In Fig.5 line (a) depicts Ay(0.1°) as calculated in the original situation with
perpendicular, flat entrance and exit pole faces. Calculation of Ay(0.1 °) with help of
eqs.(l 1) and (12) yields a value of 1.0 mm, which is consistent with the value obtained
from eq.(9). By optimizing only the exit plane, Ay(0.1°) is given by line (b) in Fig.5.
As the Nier-Johnson geometry itself compensates for the a2-aberration, [23], the
entrance plane parameter D was varied with the intention to get the best fit with
respect to line (a). This yields line (c) for the value

D = 2.90 10"3 mm"1 (13)
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4,0

3.0

2,0

1,0

0,0

(mm)

Fig.5. The calculated opening angle aberration Ay(0.1°) as a function of the
position on the focal plane xt for the three different cases.
(a)A=B=C=D=O. (b) A, B and C optimized and D=O.
(c)A,B,C and D optimized.

The first order calculations performed above were checked upon their validity
by third-order matrix calculation on the complete double-focusing mass spectrometer
performed at Osaka University with the program TRIO. As this program only
calculates the matrix coefficients of the trajectory of a single mass, the coefficients of
five different masses with five different radii of curvature r(m) were calculated. For
the imaging properties the deflection angle <l>(m), the angles e'(m), e"(m) and the
curvatures of the entrance and exit plane pj(m) and P2(m) are needed. The radius of
curvature p at an arbitrary point along a curve y(x) can be obtained from the formula
1241,
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(1 + (y')2)3/2

p = (14)

where in this case the prime denotes differentiation with respect to x. For example,
P] at X]=0 is given by 1/2D (see also Fig.2). Table 1 summarizes these parameters
and the most important matrix coefficients. The notation used is the same as in
ref.14,18, and defines the image half-width £, of an object at the site of the exit slit of
the mass spectrometer with parameters x, y, a, P , y and 8 as

= Axx + A a a + AyY + A58 + A x x x2 + A x a x a + Axy xy

Ax5x5 + A a a a 2 + Aa-y0cy+~ A a g a 5 + Ayy y- (15)

Ay8Y5 + A58 5 2 + Ayyy2 + AyP yP + App P2

where x and y are the radial and axial distances from the optical axis, a and p their
respective inclinations from the optical axis, y the relative mass deviation and 8 the
relative energy deviation of the particle entering the ion optical system. The first row
of Table 1 gives the figures in the case of the original magnet pole shape. Rows 2
through 6 show the values with the optimized magnet poles for the five different
radii. The first five columns show the ion optical parameters involved. The column
headed yf gives the first order values as calculated in case of the modified exit pole
face (cf. Fig.3 and Table 1). The column headed lm" yields the values calculated by
TRIO for the condition of angular focusing. The maximum discrepancy between
these two columns is 0.4 mm, which is quite acceptable for a difference between first-
and third-order calculations. The column headed A§ shows that the double-focusing
condition (i.e. A a = Ag = 0 in eq.(15)) holds to a good extent for the mass range
considered. The column headed A a a yields the a2-aberration coefficient. This
coefficient increases for deflection radii r(m) larger and smaller than the main radius
rm . Examining the other second-order aberration coefficients given in eq.(15) we
can say that, comparing row two to six with the first row the coefficients Ax x , A x a ,
A x y A x5 Aay> ^a8> Ay8 anc* A88 decrease, and A

a a > A v v , Avg and A 33 increase
when changing from the flat to the curved pole faces. In order to compare the total
amount of geometrical aberrations in the six cases of Table 1, we define the following
quantity
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row
no.

1
2
3
4

r(m)
(mm)

300.0
285.0
292.5
300.0

90.0
93.4
91.6
90.0

Pi
(mm)

172
172
172

P2
(mm)

55.0
57.0
62.5

e"

0.0
19.1
8.9
0.0

yf
(mm)

214.3
214.8
214.5
214.3

V
(mm)

214.2
215.2
214.6
214.2

A 5

(mm"1)

-0.01
0.54
0.10
-0.01

Aaoc
(mm)

1.6
93.3
34.6

9.3

A
(Hm)

5.6
8.4
7.1
6.2

307.5 88.7 172 70.9 -7.7 214.3 214.1 0.09 8.4 5.5
315.0 87.6 172 81.8 -14.4 214.6 214.3 0.37 25.2 5.0

Table I. Ion optical parameters and matrix coefficients calculated for the
original magnet geometry (row I), and for the optimized magnet
geometry for five different rays (row 2 to 6). The first five columns
show the ion optical parameters. The column yf shows the values for
the image distance from the first -order calculations, the
column lm" gives the figures for the image distance calculated
by TRIO. The last three columns show the coefficients for
energy focusing A g, opening aberration Aa(x and total second-order
aberration A, respectively.

A = A a a a 2 + Aa5(x5 + AggS^ + Ayyy2 + AypyP + AppP^ (16)

The above six second-order aberrations are the most important ones in most
double-focusing systems. Using the absolute values for AJ; and the starting values for
the object slit defined by

a = 0.002 rad, P = 0.001 rad, y = 1.0 mm and 8 = 0.001 (17)

A is calculated for the six cases in Table 1. Examining this column, we conclude that
no decrease in imaging properties is to be expected under simultaneous ion detection
as compared with the scanning mode of operation. The mass resolution obtainable
will therefore be limited by the spatial resolution of the simultaneous detection
system used.
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3. EXPERIMENTAL

In this part we will discuss the construction of the magnetic sector and the
detection system.

By means of a computer-controlled milling machine the pole shoe shapes
defined by the polynomials given in eq.(6) and (8) were made from Armco ingot iron
with a tolerance of ± 0.01 mm. Fig.6 shows the construction of the pole faces and
their adjoining shunts. The shape of the shunts, whose purpose is to short-circuit the
protruding field lines, was chosen such, that the air gap Apj between the pole shoe and
its shunt has a value of 5 mm. This was in order to have a minimal deviation between
the physical shape of the exit plane and the effective end of the magnetic field. The
pole piece at the exit plane of the magnetic sector can be moved perpendicularly to the
main trajectory, in order to optimize the imaging properties.

The detection system used for recording a spectrum has been applied in our
Institute for several years in a variety of forms [10,11,25]. A short description will be
given here. The construction of the detector is shown in Fig.7a. The ions are
accelerated towards the detector by a potential difference V p a applied between a
diaphragm and the first micro-channelplate (MCP) to enhance the detection
efficiency. In order to avoid a focusing effect in the median plane a slit-shaped
diaphragm is used. The so-called charge division method uses a multi-anode array
behind two cascaded MCPs, to determine the centre of charge of the produced
electron cloud. The charge division method has been introduced by Gott et al. [26]. In
its simplest form the anode consists of rectangular conducting strips interconnected
by capacitors and resistors (see Fig.7b). The capacitors in the network ensure that the
charge from every strip is divided between the charge sensitive amplifiers, according
to the position X of each strip. The function of the resistors is to prevent charge
integration on the strips. For an accurate position determination the cloud of electrons
has to be spread out symmetrically over several strips. The centre of charge of the
cloud is determined from

Qa
X = (18)

Qa + Qb

An important advantage of this dissection method is the possibility to shape the strips
in accordance with the expected image pattern.
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(a)
• .. /pole shoe

/•" fiy\ "• W /

shunt

main trajectory

(b)
pole shoe

movable
shunt

main rajectory

Fig.6. Diagram of the magnetic pole shoe faces and their adjoining shunts.
p] and P2 are the radii of curvature of the magnetic pole faces, and pj +
Ap and P2 - Ap are the radii of curvature of their respective shunts. Ap
has a constant value of 5 mm.
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(a)

VPA+23kV

:p=> diaphragm

channelplates

collector plate
(position detection)

ib)

0
• X = •

V.

N-1 N

HI I

Fig.7. (a). Construction of the position-sensitive detector. All elements arc
pressed together by spring loads on four Al-oxide rods. (b). Principle of
the dissection method. The dots in the circle represent the electrons
from the backside of the channelplate hitting the anode-strips. The
relative position of their centre of gravity is given by X.
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Fig.8. Diagram of the signal processing of the detection system.
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In our case an array of 45 rectangular strips with a total width of 45 mm was used.
The strip pattern was photo-etched onto an epoxy printing board.
Micro-channelplates with a diameter of 46 mm and a channelpitch of 15 nm were
used. Fig. 8 gives a schematic diagram of the signal processing. The two charges Qa

and Qb are amplified (Canberra Industries, Meriden, CT 06450, USA, model
2004, and EG+G Ortec, Oak Ridge, TN 37830, USA, model 575) and digitized
(Laben, Milan, Italy, model 8210), after which the position X is calculated in a fast
bit-slice processor. The output is accumulated in an 8K multichannel analyzer
(MCA). For further data-processing a LSI 11/23 and a VAX 11/785 computer are
used (Digital Equipment Corp., Maynard, MA 01754, USA).

The spatial resolution obtainable with this method is defined as L/AX, where
AX is the (FWHM) of the response to an infinitesimal narrow input signal in the
X-domain and L is the range of X. It is limited by several effects. The MCPs
themselves limit the resolution by the channelpitch of the plates. With 15 |im
channelpitch a AX of 25 |J.m can be reached [25]. The influence of the discontinuous
anode can be neglected if the electron cloud is distributed over at least five strips. This
can be tuned by the voltage applied between the anode and the last MCP. For a
resolution of 700-800, one needs 12-bit ADC's with a good differential linearity to
cope with the spread in the total charge Q = Qa + Q5. Also the offset of amplifiers
and ADC's and the amplifier noise have to be kept below 0.1 % in order to obtain a
spatial resolution of the same order.

The spatial linearity of the detector response is defined as the absolute value of
the largest deviation from the best straight line through the detector response as a
function of X. The linearity is expressed in a percentage of the detector length L. The
accuracy in the chain capacitors, the stray capacitance of a single anode strip with
respect to earth, the unequal gain of the amplifiers, and the asymmetry in the
spreading of the electron cloud all influence the linearity. In practice all these
contributions can be kept so low to make an overall linearity of 0.1% feasible.

4. RESULTS AND DISCUSSION

In the normal scanning mode using a slit at the focal point (xf,yf), a resolving
power of 40,000 (FWHM) was obtained, confirming the theoretical results of the
third-order matrix calculations for the central trajectory given above.

In the simultaneous detection mode the surface of the channelplate detector was
set perpendicular to the main optical axis. The mass resolution was optimized by
shifting the exit pole piece of the magnetic sector perpendicularly to the main
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trajectory (see also Fig.6). Fig.9a shows an example of a spectrum obtained from ions
sputtered from a bare stainless steel probe. The probe was maintained at 3 kV and a
post-acceleration of 2 kV at the detector was applied. Besides the presence of metal
ions and their isotopes, small mass peaks originating from residual hydrocarbons are
present in the spectrum. The mass resolution was better than 3000 (FWHM) over the
full range of 30 mm at the detector plane. From this we conclude that the
double-focusing condition (i.e. A a = Ag = 0) holds for the detected mass range,
verifying the matrix calculations from the previous section. The peak shape is
triangular, except for some tailing originating from counts with a small total charge
Q. Fig.9b gives another spectrum obtained by sputtering the nona-peptide bradykinin
(Aldrich Chemie, Brussels, Belgium, Lot no. 4903KH) from a glycerol matrix with 3
keV Xe+ ions. The source voltage and the post-acceleration voltage were again 3 and
2 kV, respectively. The spectrum compares well with spectra from Barber et ai. [27].
Also here the mass resolution is 3000 (FWHM) over the full mass range detected. Due
to the tailing of the mass peaks, however, groups of peaks seem a little elevated. The
spectrum was taken in about 30 s with a corresponding total current of 5.6 10"'^ A.
The signal-to-noise ratio is of the order of 10^.

As was stated in the experimental section a spatial resolution of 700 to 800 of the
total detection range is possible with the existing detection system. In our case, this
means a spatial resolution AX of 60 Jim and a corresponding mass resolution of
about 4200 (FWHM) for the case of an infinite narrow ion beam. The best resolution
obtained experimentally was 3700 (FWHM), which approaches the theoretical value
given above. Using smaller size micro-channelplates a higher spatial resolution can
be obtained at the expense, however, of a proportionally smaller mass range.

The noise component in the spectra is due to noise from the micro-channelplates
(1 counts"l.cm~2) and to a contribution originating from the detection electronics
(e.g. false coincidences). In total the measured noise was of the order of 2 counts, s"̂
.cm "^ . The maximum count rate is in our case limited by the ADCs to about 2.10^
s "1. The limitation to the count rate due to the space charge saturation in the MCPs is

about 10^ s ' l . In the case of an integrating measuring method, saturation can be
avoided by decreasing the gain of the MCPs.

The detectable mass range Am/m is 11%, and is in our case limited by the width
of the flight tube in the magnetic sector.

Concerning the mass scale two aspects are of importance. The first is the
alinearity of the detection system. The linearity of the detector was measured by
injecting charge directly on every single strip of the multi-anode array. The detector
response is given in Fig.10. In the range 0.1<X<0.9 the alinearity is smaller than
0.13%.
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Fig.9. (a).Desorption spectrum of a bare stainless steel probe. A mass
resolution of 3000 (FWHM) is obtained over the full detection range.
(b).Desorption spectrum of the nona-peptide bradykinin from a glycerol
solution. The resolution is also 3000 (FWHM).
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Fig.10. Detector linearity given by the channel number as function of strip
number. The open circles are the deviations from a straight line.

The second aspect influencing the mass scale is the change of dispersion along the
focal plane due to the shape of the exit plane of the magnet. Fig.l 1 shows the focal
position x f as a function of m/m0, where m 0 is the mass of the ion following the main
trajectory in the magnetic sector. The position of Xf was calculated according to the
scheme explained in the theoretical section. Line (a) depicts the result for the
original geometry with flat and perpendicular entrance and exit planes. It can be
approximated by

m
x f -300 = E ( _ -1) (19)

The value obtained for the mass dispersion E from line (a) in Fig. 11 is 257 mm. This
result is equal to the theoretical value for this geometry [23].
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Fig.l 1 The focal position xras a function ofmlmo, as calculated in the
theoretical section and yielding the mass scale.

Line (b) is the result for the new magnet geometry. To describe the mass
dependence a second-order term F(m/mo - 1)^ was added to eq.(19). From a
least-square fit of this polynomial to line (b) a value F = 275.1 mm was obtained.
Experimentally the mass scale was calibrated by measuring the positions of a series of
18 peaks in a glycerol spectrum. Also in this case a second-order least-square fit was
made for the measured peak positions as a function of (m/m0 - 1). The difference
between the theoretical and experimental values for E and F were 0.15% and 1.8%
respectively. This shows the accuracy of the detection system used. In practice, the
accuracy of the mass assignment is limited by the width of one channel of the MCA,
and corresponds to a value of 1.7
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5. CONCLUSIONS

Summarizing, it can be stated that with a relatively simple first-order
calculation scheme the position and shape of the focal plane of a homogeneous
magnetic sector can be calculated and optimized. The results obtained agree well with
a third-order matrix calculation. With the goal of obtaining a flat and perpendicular
focal plane, the adaptation of the magnetic sector was successful within the measured
resolution. Furthermore, a position-sensitive electronic detection system based on an
ion-counting technique has been implemented, resulting in a unequalled resolution in
the simultaneous detection of a large mass range.

Due to these improvements the detection efficiency has been increased with
several orders of magnitude. This is of importance for applications where
short-lasting ion currents are available, as in FAB and SIMS experiments of large
biomolecules.
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CHAPTER VII.1

A DIFFERENTIAL TIME-OF-FLIGHT

MASS SPECTROMETER FOR THE

MEASUREMENT OF FRAGMENT MASS

AND KINETIC ENERGY RELEASE OF

PARALLEL DISSOCIATION REACTIONS

l.THE ION OPTICAL DESIGN

ABSTRACT

In this chapter the design of a new type of hybrid tandem mass spectrometer will
be discussed. The system combines a double-focusing mass selector and a differential
time-of-flight second analyser The first stage is a Nier-Johnson type mass
spectrometer. The transmission has been improved by the use of an electrostatic
quadrupole at the intermediate focus [1]. Furthermore, the magnetic sector was
redesigned to make possible the simultaneous detection of ions in a mass range Amlm
of11% with a micro-channelplate (MCP) detector [2].

The second stage comprises acceleration and focusing lenses, a collision cell, a
deflection unit, and a flight tube. At the detector the impact positions of the charged
and neutral fragments mj + and m2 and the differential time-of-flight are measured.
This method of analysis guarantees a high transmission. Moreover, the measurement
of the charged fragment and neutral fragment in coincidence allows the determination
of the kinetic energy released in the fragmentation and the angle of dissociation for
each dissociation event.

The setup can also be used in the so-called "transparent mode", i.e. without the
collision chamber. The primary spectrum formed by the first stage is then imaged
onto the MCP-detector by the second stage with a variable magnification.

The ion optical design for these two modes of operation will be described.
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1. INTRODUCTION

In the last years the potentials of mass spectrometry for structural investigation
of large (organic) molecules have increased dramatically. The desorption of
quasimolecular ions from non-volatile substances with help of fast particle
bombardment [3] has introduced the use of mass spectrometry in the field of
biochemistry. With this sputtering technique it is possible to deduce structural
information from the fragment ion peaks in the spectrum. Tandem mass spectrometry
or MS/MS [4] makes it possible to select first the ion of interest and to deduce its
structure by analyzing the collision-induced fragments of this ion. The major
advantage of this technique is the efficient suppression of the "chemical noise" present
in the primary spectrum. Besides the analytical aspects, the excitation and
fragmentation dynamics of polyatomic ions are studied with this technique [5-8]. For
these studies it is a prerequisite to perform energy, angular and mass measurements
simultaneously in one experiment.

Several instrumental developments towards MS/MS have been evolved in recent
years, where the main interest was directed towards accurate mass measurement for
the fragment ions.

Triple quadrupole instruments have been built, combining a high transmission
with great flexibility and ease of operation for different scan modes [9]. These
instruments have a limited mass range and resolution (both up to 1000-2000) and,
inherently, can be used at low collision energies (< 100 eV) only.

With sector instruments various analyser combinations have been developed.
These instruments offer high mass range capabilities and collision energies up to
10 kV. The first system developed was a double-focusing mass spectrometer of
reversed geometry, denoted by BE. Due to the fact that only one sector is available
for each stage of analysis, the resolution is low, especially in the second stage where
the kinetic energy, released in the fragmentation step, broadens the mass peaks. This
results in a resolution m/Am of 50-100 at keV ion energies [4]. In the next step of
development, three-sector instruments have been constructed [4]. They are more
promising, since they can be operated either in a high parent ion resolution and a low
daughter ion resolution mode, or with low-resolution parent ion selection followed
by high-resolution daughter analysis. The best daughter ion resolutions amount to a
few thousand and are obtained by floating the collision cell [10]. Also some
four-sector instruments have been built [4,10]. They have the potential for both high
resolution parent and daughter ion analysis. These multisector instruments require
intricate linked scanning procedures and sometimes show artifact peaks [10].The low
transmission will likely yield problems at low primary currents.
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Hybrid instruments have been designed, such as the BEQQ-geometry, which
combine the high resolution of a double sector instrument with the versatile
operation of the QQ-section [11]. Moreover, the collision energy is variable up to the
keV range. The mass resolution in the second stage is limited to about 1000-2000.

Fourier transform ion cyclotron resonance as a mass spectrometric technique
offers the advantage of consecutive collision-induced dissociation (CID) with an
unequalled high resolution in the final fragment mass "identification. However, the
resolution in the selection of the precursor ion mass is low [12,13]. The technique
merely yields a mass measurement, i.e. no information on the activation and
fragmentation energies can be retrieved.

For both high resolution and high mass range applications, sector instruments
are the most suitable ones. It was our aim, to design and construct a tandem mass
spectrometer, fulfilling a number of requirements without the cost and complexity
of the four-sector instruments. The requirements set for the second stage were the
following:

- high-resolution daughter analysis, i.e. not limited by the kinetic energy
release;

- high transmission and simultaneous detection of daughter ion spectra with a
micro-channelplate (MCP) detector;

- the ability of measuring the fragmentation parameters, i.e. the kinetic energy
release e^ and dissociation angle 9 per event;

- the possibility of transferring the primary spectrum to the MCP-detector for
simultaneous detection.

The analysis method used in the new design is based on translational spectroscopy of
both the charged and neutral fragment of the dissociation process m o

+ -> m j + + m2
114). Fig.l gives a schematic view of this method. Using a time- and position-sensitive
detector, the released kinetic energy and the direction of the dissociation momentum
can be determined directly. By superimposing a known deflection onto the trajectory
of the charged fragment the mass ratio m]/m0 is obtained. Using the measured values
of e^ and 9 the mass ratio can be calculated with a much higher accuracy than can be
measured in a normal single sector instrument. As the pair (e^,9) is measured per
event, not only their separate distributions can be recorded for a particular
dissociation reaction, but also the correlation between these two quantities can be
investigated [15].

Due to the simultaneous detection, the efficiency of the second stage is high. By
designing high-quality ion optics the same analyser geometry can be used to image
the primary spectrum onto the position-sensitive detector which allows for an
examination before CID-spectra are taken for certain selected precursors.
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In the next paragraphs the ion-optical considerations leading to the present
design will be presented.

primary
beam

collision
cell

deflection
unit detection

plane

Fig.l. Schematic view of the differential time-of-flight and position
measurement of the fragmentation products from the reaction mo

+->
m\+ + ffi2 . mj + is dispersed in a deflection unit. From the positions xj
andx2 and the difference in flight times x the mass ratio mjlmo can
be determined with a high accuracy, together with the kinetic energy
release e j and the dissociation angle 9.

2. THE ION OPTICAL DESIGN

Translational spectroscopy uses a certain flight path 1 after the collision region
where the fragments separate in space and time due to the kinetic energy released in
the fragmentation reaction (see Fig.l). This implies that the focusing has to be done in
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front of the collision cell. A socalled imaging lens is used for this purpose. To cope
with the facts that the ion source of the first stage mass spectrometer will be be
operated at various accelerating voltages (1-3 kV) and tht collision energy is chosen
to be variable, an acceleration lens is positioned in front of the imaging lens. The
charged fragments leaving the collision region are dispersed between a pair of
deflection plates. In the ideal case all particles having equal kinetic energies undergo a
fixed deflection without any focusing action, as this affects the time-of-flight
measurement. The plane of detection is then oriented perpendicularly to the main
optical axis.

With this system, consisting of an acceleration lens, imaging lens and deflection
unit, it is possible to image both a single precursor beam with its fragments onto the
plane of detection, as well as, after opening the exit slit of the first stage and removing
the collision cell, the primary spectrum. It is important to note that the requirements
on the ion optics are much more severe for the imaging of the primary spectrum with
an

object width of about 30 mm, than for the imaging of a single precursor beam. This is
due to the fact, that especially off-axis rays suffer from geometrical aberrations. In
the design of the lenses these effects were calculated and minimized. In the following
sections the operating conditions for the various lenses will be discussed. Fig.2,
therefore, gives a lay-out of the ion optics of the second stage with its parameters.

2.1. THE ACCELERATION LENS

This lens acts as a zoom lens for different acceleration ratios V3/VJ, where Vj
and V3 are the ion optical potentials of the first and last lens electrodes respectively.
(see Fig.2). A round three-aperture lens was chosen because of its small overall length
as compared to a tubular lens and the minimum aberration coefficients compared to
slit lenses [16]. The inner diameter D was chosen large with respect to the object size
wj. The size of the primary spectrum wj and the length of the detector surface define
a total linear magnification M t o t of -2. The linear magnification of the acceleration
lens Mj was chosen to be +1 in order to have a compact system. This means that the
(virtual) object situated on the first principal plane H] is imaged onto the second
principal plane H2. V2 is now chosen as to minimize the deflection of off-axis rays
entering the lens (in the ideal case no focusing would be present). This is important
for the transmission and the geometrical aberrations behind the acceleration section
in the imaging lens. The entrance and exit beam angles of the acceleration lens are
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denoted by aj(x) and ajj(x), where x is the off-axis distance of the ray at the site of
the object. In first order one can easily deduce

an(x) =
V Vj/ V3

(1)

with ii the image focal length of the acceleration lens. As in our case the absolute
value of the first term is always larger than the second term, CXJI is minimized for a
given o.\ by choosing f2 as large as possible.

A disadvantage of this way of imaging is that the object has to be located just in
front of the first electrode. This implies, that when the exit slit of the first stage is
closed for the selection of a precursor beam, the acceleration field is disturbed and its
focusing action is changed. The effect of an extra electrode with ion optical potential
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Fig.3. The potential surface V(r,y) computed with the CHEOPS-code for a
three-aperture lens with an extra entrance aperture. Vj, V2 and Vj are
the electrode potentials (in kV). The trajectories for a parallel incoming
beam are drawn, starting aty=0. F7 (= H2 +f2) defines their
corresponding focus.
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Vj was investigated with help of the computer code CHEOPS (Computer Handled
Electron OPtics Simulation, see ref.17). By numerical integration the Laplace
equation is solved for systems with a cylindrical symmetry. With the help of ray
tracing focal distances are calculated. For a three aperture lens with and without an
extra electrode, the fields and ion trajectories were calculated. Fig.3 gives the field
distribution and ion trajectories for the lens settings V]=l kV, V2= 3 kV and V3= 20
kV. The focal distance F2 for a parallel incoming beam was obtained from the
intersection of the calculated trajectories. For the case without the extra electrode the
value for F2 coincided with the values given by Harting and Read [6] for the
three-aperture lens. For the case with the extra electrode an extra focusing action is
expected. Indeed, a decrease in F2 of 13% was found. For larger values of V2 the
effect increases to about 50% for V2 = 8 kV. This effect of increased focusing plays
only a role in the case of the selection of a single precursor beam. However, for a
narrow beam entering along the optical axis the image aberrations are much less
severe than for a large object such as the primary spectrum. Therefore, the extra
focusing has no severe consequences for the imaging properties in this case.

2.2. THE IMAGING LENS

For the design of the imaging lens several competing conditions must be taken
into account. Firstly, the imaging lens has to be as close as possible to the acceleration
lens in order to have a minimum lens filling factor (cf. Fig.l). This minimizes the
geometrical aberrations. However, the flight length 1 and the linear magnification
MJJ, which is fixed by M t o t and Mj, already determine the focal length fq. To
minimize the aberrations, a strong focusing lens in the form of an electrostatic
quadrupole was chosen. The defocusing in the direction perpendicular to the median
plane was found to be of minor importance. The parameter which has to be optimized
is the lens strength given by [18]

^ = kLq= —V V q /V 3 (2)
rq

in which Lq and iq are the length and radius of the inscribed circle of the quadrupole
lens, Vq is the absolute value of the rod potential and eV3 is the kinetic energy of the
ions entering the quadrupole. rq was fixed to 40 mm to have a reasonably low filling
factor. The important aberrations are given in
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Ax/Lq = Bx x x(x0 /Lq)3 + Bx x ( x(x0 /Lq)2 a 0

B xaa( x o / L q)«o 2 + B a a a a o 3

Eq.(3) gives the shift in focus Ax with respect to the paraxial focus for an object with
half-width x 0 and opening angle ot0. Lq can be chosen such, that Ax is minimized. For
a quadrupole no second-order terms appear in eq.(3) due to the mutually
perpendicular planes of symmetry. Similar terms in z0 and (30, the half-height of the
object and its opening angle in the transverse direction, respectively, are omitted,
because for a large object width z0 « x 0 and f30 « a 0 hold. The coefficients B in
eq.(3) have been calculated with two different methods.

Hawkes has tabulated the coefficients for distortion and aperture aberration,
Bxxx anc* B a a a respectively, as function of the quadrupole strength ^ for an ideal
quadrupole field without fringing fields [18]. For a typical set (xo, oco) calculated
from eq.(l) for an acceleration ratio of V3/V1 = 20, the value of t, was found which
minimized these two aberrations. From this an optimum length Lq of 300 mm was
found. For lower acceleration ratios the aberrations decrease, because a 0 decreases
with lower acceleration ratios.

Secondly, with help of the TRIO-program (Third order Ion Optics, see ref.19)
a third-order matrix calculation was performed on the lens geometry by T.Matsuo
(Osaka Univ. Japan). The four aberration coefficients, defined in eq.(3), were
calculated taking into account the fringing fields for the specific shunt geometry.
Table 1 compares the results of the two methods.

TRIO[19] Hawkes[18]

- 3.2

-11.8

Table I. The aberration coefficients defined in eq.(3) calculated with the
TRIO-program [19] and according to Hawkes [18].
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Examining the results of the two methods, the contribution of the fringing
fields to the coefficients is seen to be of an order of magnitude smaller than the
contribution of the main field. The contributions of B x a a and BXX(X, the coma and
astigmatism, respectively (cf. eq.(3)), are of the same order of magnitude as the other
two terms. The depth of focus determined from the above calculations is estimated to
be sufficient for a sharp imaging of the primary spectrum onto the MCP-detector.

Furthermore, an other advantage of the setup chosen here is the fact that xo and
cc0 have opposite signs. As the aberration coefficients are all negative, the four terms
in eq.(3) can cancel. This is roughly the case for V3/V j= 20. Physically, this means
that the rays entering the quadrupole lens intersect the optical axis at the reference
plane and consequently undergo only a small deflection.

2.3. THE DEFLECTION UNIT

For the dispersion of the charged fragments emanating from the collision cell an
electrostatic deflector was chosen. The following demands are important for the
design, (i). A high acceptance, because a large range of deflection angles §
(0-0.28 rad) has to be transmitted, (ii). The focusing effect on the charged particles
has to be as small as possible, because otherwise both the focusing of the imaging lens
and the flight time of the particle are influenced, i.e. its position and time of arrival.

For a parallel plate condenser with length L, plate distance d and electrode
voltages +Vj} and -Vj with respect to the beam potential, the angle of deflection <j> is,
to first order, given by

L Vd

«H = ( 4 )
d V3

where eVo is the kinetic energy of the particle entering the deflection unit. The focal
distance fj for an ideal parallel plate condenser without fringing fields is then given
by [20,21]

L

Note that at larger angles the focusing effect is expected to increase, therefore the
focal plane will be strongly curved.
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Herzog [22] and Matsuda [23] both calculated the effect of the fringing field on
ihe focal strength. The fringing fields at both sides are found to defocus (i.e. f < 0)
and thus decrease the total focal action. The magnitude of this effect depends on the
lens geometry, but in general it is small compared to the total focusing power.

In order to estimate the total focusing strength of a typical deflection unit given
the surrounding geometry, the computer-code CHEOPS was used (17]. The potential
distribution together with particle trajectories are calculated for a set of deflection
plates within a grounded envelope. As the code can only handle two-dimensional
problems, it was not possible to treat the case of a set of plates with fii itc height in a
circular envelope. Instead, all plate heights are taken to be infinite. Fig.4 shows
graphically the result of one of the geometries calculated with L/d = 2.0. The
potentials of the two plates were +VJ and -V^, respectively, and the left and right
boundaries (x=0 and x=100 resp.) were defined as conductors with V=0. Solving the
Laplace-equation for this geometry, equipotential lines were drawn every 0.2 V^j.
For sets of three parallel incoming particles with fixed ion optical potentials V3 the
trajectories were calculated (see fig.4). For every set the points of intersection were
calculated, yielding the focal distance fcjj as a function of V3 or angle of deflection (j>.
Fig.5 shows these computer calculated values as a function of L/2<j>2, where <[> is the
value calculated by CHEOPS. Indeed, a linear relation is found, from which an
effective length L' of 1.54 L can be derived. For a L/d ratio of 4.0 an effective length
of 1.35 L is found, i.e. the effect of the fringing field decreases as expected.

We can also compare the angle of deflection <j>, obtained from the
CHEOPS-calculation, with the theoretical value given by eq.(4). As expected, a linear
relation as a function of V was found. However, for an L/d ratio of 2 the calculated
angle of deflection is 24% larger as expected according to eq.(4), due to the effect of
the fringing fields. A similar increase in deflection angle is found by Herzog [22].

Moreover, if we now calculate L/2<|>2 using the value for <|) given by eq.(4),
instead of the values from the CHEOPS calculations, we obtain a good agreement
with the values for fcij. This means that the effect of the fringing fields on the
deflection angle and on the focal strength can be described with the same effective
length.

Furthermore, we remark that it was found not possible to influence the focal
strength of an electrostatic condenser by manipulating the shape of entrance and exit
fields.

The length L of the condenser can now be optimized by requiring that fcjj » 1,
where 1 is the length of the flight path to the plane of detection. As the maximum angle
of deflection <j>m is fixed by the detector geometry, i.e. <j>m =xm/l (see Fig.l), this can
be substituted into eq.(5) yielding
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40.0 80.0
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120.0

Fig.4. Solution of the Laplace equation AV=O in two dimensions for a pair of
deflection plates within a grounded envelope. The equipotential lines are
drawn every 0.2 Vj. Outgoing trajectories are drawn for five sets of
parallel incoming particles with different ion energies eVj. From the
intersection points of these rays the focal strength of the lens is obtained.
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200 400 600
L/2<t>2(arb.units) -

Fig.5. The focal distance fcn for a parallel plate condenser as calculated with the
CHEOPS-code [17] as a function of the theoretically expected value for
the focal distance. From the linear relationship an effective length U of
1.54L can be derived for the condenser.

IL' 2xm
2 (6)

As 1 is determined by the geometry of the acceleration and quadrupole lenses, L has to
be chosen as long as possible. For the final design of the deflection unit a condenser
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with a length L of 300 mm was chosen. A cylindrical condenser with a radius of
curvature re of 2500 mm was cho:en, instead of a parallel plane condenser, to
minimize the gap width d for the given beam size which has to be transmitted. A
further advantage of this choice for L is due to the fact that for the total geometry the
focal point of the imaging lens lies on the reference plane of the deflection unit. The
benefit of this can be explained as follows. For the focal strength of a combination of
two thin lenses with intermediate distance b we can apply the formula 12-1 ]

1 1 1 b
= — + (7)

ftot fq fd fqfd

where fq and f̂  are the focal lengths of the imaging lens and the deflection unit
respectively. For b=fq, which holds in this case, v.e obtain ftot =fq, therefore fj has
no influence on the total lens strength.

A second error, which arises from the deflection unit, is caused by the
inhomogeniety of the deflecting field E, due to the finite height of the condenser
plates. As the ion beam has a certain height it is contorted by this variation in E.
Calculating the exact solution for the electrostatic field of a pair of deflection plates
125), the size of this effect can be estimated. This field inhomogienity was reduced by
installing intermediate electrodes at the top and bottom of the deflection plates with
the appropiate potentials.

2.4. THE TOTAL LENS SYSTEM

In the previous parts the ion optics of the three lenses of the second stage mass
spectrometer were treated and their lens parameters were optimized. In order to
obtain an insight in the imaging properties of the combination of the zoom lens and
the quadrupole lens, the focusing conditions were calculated in first order for fixed
object distance Pj and image distance Qrj (see also Fig.l). From the results starting
values are obtained for the tuning of the lens voltages in the experiment, as well as
their dependence on instrumental parameters such as the acceleration ratio and shifts
in the various object and image distances.

Firstly, the change in quadrupole lens strength, given by VqA'3 (cf. eq(2)), and
the relative change in V2 were calculated as a function of the acceleration ratio V3/V]
for constant Pj and Q\\ and a constant total linear magnification M t o t . The results are
depicted in Fig.6. For the quadrupole lens strength we observe a relative change of
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12% when V3/V1 changes a factor of 4. This means that the zoom lens action of the
aperture lens works quite well. Also the change in (V2 -Vi)/(V3 -Vj) is relatively
small. These curves are used for the tuning of the second stage mass spectrometer.
Fig.7 shows an example of the dependence of the required quadrupole lens strength
and the total magnification M t o t as a function of the variation in QJJ for the case of
fixed Vj,V2 and V3. (a) depicts the dependence for the case of V3/Vj = 10.0and
(b) for the case of V3/Vj= 20.0. The variations observed are small, which indicates a
large depth of focus.

0.6

0.5

V2-V1
V3-V| 0.4

0.3

0.2

0.1

10 15 20

0.020

Q018

0.016

0.014

Fig.6.The quadrupole lens strength (right ordinate) and zoom lens parameter
(left ordinate) as a function of the acceleration ratio V3/V] for the com-
bination of acceleration and imaging lenses.
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Fig.7.The quadrupole lens strength VglV^ (right Ordinate) and total linear
magnification Mtot (left ordinate) as a function of the image distance QJJ
for a fixed zoom lens tuning, (a) VJ/VJ = 10.0 and V^Vj = 3.8.
(b) V3IVj = 20.0 and V2fVj =6.0.

The addition of the deflection unit with a fixed focal strength has a small
influence, as it effectively only changes the quadrupole image distance Q\\. From
Fig.7 we then can easily acquire quantitatively the necessary change in quadrupole
lens strength.
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3. CONCLUSIONS

Summarizing we can say that, in theory, it is possible to design an ion optical
system with which one is able to perform high-resolution fragment analysis, as well as
simultaneous detection of a broad primary spectrum. The system is compact and
minimizes the geometrical abberations. Computer simulations yield the imaging
properties and provide starting values for the tuning of the system in practice. Due to
the application of MCP-detectors the transmission is orders of magnitude higher than
in ordinary scanning type instruments. This is of importance in the case of low
primary signals, as, for example, in desorption spectra of large biomolecules. In the
next chapter the first experimental results will be shown.
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CHAPTER VII.2

A DIFFERENTIAL TIME-OF-FLIGHT

MASS SPECTROMETER FOR THE

MEASUREMENT OF FRAGMENT MASS

AND KINETIC ENERGY RELEASE OF

PARALLEL DISSOCIATION REACTIONS

2. EXPERIMENTAL

ABSTRACT

In this chapter the intrinsic properties and performance of a new type of hybrid
tandem mass spectrometer are discussed. The system combines a double-focusing first
stage and a differential time-of-flight second analyzer.

In the second analyser the ionic and neutral fragment from the collision-induced
dissociation (CID) process are measured in coincidence. The impact positions and the
difference in time of arrival on the micro-channelplate (MCP) detectors are
measured. From these data the fragment masses, the kinetic energy release and the
orientation of the dissociation momentum are calculated. The formal expressions for
these relations are derived and the attainable mass, energy and angular resolutions are
discussed on the basis of the experimental accuracies in the time and position
measurements. These theoretical values are compared with the results of the first
experiments, performed with this tandem mass spectrometer.

Using the apparatus in the so-called "transparent mode", i.e. without the
collision chamber [J], the primary spectrum formed by the first state is imaged in the
second stage onto the MCP-detector with a mas resolution ml Am of 4500 (FWHM).
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1. INTRODUCTION

In the last decade the interest for structural analysis of ions with help of tandem
mass spectrometry has increased considerably [2], This method allows the selection of
the ion of interest and to deduce the structure by analyzing the collision-induced
fragment ions.

The method of analysis in the new design is based on translational spectroscopy
of both the charged and neutral fragments of the dissociation process m 0

+ —> m j + +
m2 [3-5]. Using a time- and position-sensitive detector the released kinetic energy,
denoted by e^, and the direction 0 of the dissociation momentum, can be determined
(see also Fig. 1). By superimposing a know deflection onto the trajectory of the
charged fragment the mass ratio m^/mo is obtained in zero order. Using the measured
values of e^ and 0 the mass ratio can be calculated with a higher accuracy.

The advantages for analytical purposes lie in the fact that the mass resolution is
not limited anymore by the kinetic energy release. Together with the unlimited mass
range of the second stage, its high transmission, and the simultaneous detection, the
method is extremely suitable for the analysis of high-molecular weight compounds.

Besides the analytical interest, also the excitation and fragmentation dynamics of
polyatomic ions are studied with the method of collision-induced dissociation (CID)
[3,6-9]. At keV collision energies the CID-process can be treated as a two-step process
of an excitation followed by a fragmentation step [3,6,7]. In both parts the energy and
angular distributions of the resulting fragments are influenced. In distinguishing these
two contributions several simplifications have been made in the past [6,8,9]. Todd et
al. [9] neglected the influence of the excitation step and explained their measured
angular distributions with help of the fragmentation dynamics only. Van der Zande et
al. [6], however, confirm with their measurements on the collision-induced
dissociation (CID) of acetone the statement of Boyd et al. [7] that the scattering
contributions of both processes can be of comparable importance. It is therefore of
interest to be able to perform energy and angular measurements simultaneously with
a mass separation. These measurements are possible with the apparatus introduced in
the previous chapter. All variables of interest in the fragmentation process can be
obtained per single event. Therefore, also the correlation between these quantities can
be investigated for a particular dissociation reaction [5]. Moreover, in the case that the
fragmentation pattern is known, also the kinetic energy loss and the scattering in the
excitation step can be solved from the measured quantities. If electrons or photons are
used in the excitation, instead of a collision gas, the effects of kinetic energy loss and
scattering in the excitation step are of course absent.
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In the next paragraphs the fragmentation dynamics and the coincidence
measurement will be described. Preliminary experimental results are presented,
which demonstrate the basic principles of the method. These results also show that a
more refined interpretation of the data is required to reach an optimal fragment mass
resolution.

2. THEORETICAL

2.1. THE FRAGMENTATION DYNAMICS AND THE
COINCIDENCE MEASUREMENT

In this section expressions are derived which interconnect for an arbitrary
fragmentation m 0

+ -> mj"1" + iri2, the fragment mass ratio, the kinetic energy release
and the angle of dissociation with the measured positions and time-of-flight difference
of both fragments. The differential time-of-flight mass spectrometer is depicted
schematically in Fig. 1. Collisional excitation of the selected precursor ion mo+ takes
place in the collision cell. After dissociation the charged fragment is dispersed in the
deflection unit. The positions of the fragments m j + and m2 at the plane of detection
are denoted by xj and X2 respectively. The difference in their arrival times on the
detector is defined as t and P defines the position of the unfragmented precursor ion.
The kinetic energy released in the dissociation in the center of mass frame is given by

- | ^ v 2 with jx = and v= (vx, vy, vz) (1)
2 rn0

In the laboratory frame the velocities of the two fragments are

m 2 m l
vi = v 0 + — v and V2 = v0 - — v (2)

JXIQ m o

with v0 the velocity of the precusor ion in the laboratory frame of reference. First we
will derive expressions in vx, vy and vo= |vo| for the measured quantities x j , X2 and
t.
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deflection
primary collision unit
beam cell .

detection
plane

Fig. I. Schematic view of the differential flight time and position measurement
of the fragmentation products mj+ andni2- mj+ is dispersed in the
deflection unit. From the positions xj andx2 and the difference inflight
times T the mass ratio mjlmo can he determined, together with the
kinetic energy release e^ and the angle of dissociation 0 in the median
(xy-) plane.
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For X2 we obtain

" b m l v x
l2) = -di + 12) + 0(2) (3)

m l "Wo
v o " — v y

with lj defined as the distance from the collision cell to the reference plane of the
deflection unit and I2 the distance from this reference plane to the plane of detection
(see also Fig. 1). For x j we get

m 2

m0 2eV d L' l 2
+ (4)

•"2 2
vy dm 1(v 0 + v y ) 2

m2vx m o m2vy
= (11 +12) + — P ( l - 2 ) + 0(2)

movo m t movo

with p the position of the unfragmented precursor m o
+ at the detection plane, L' and

d the effective length and interplate distance of the deflection unit, respectively, and
+V(j the deflection plate potentials. For the flight time i 2 of the neutral fragment 1112
we obtain

O1+I2) m l v y
12 = = 0 + ) + 0(2) (5)

m l vo movo
v o - vy

mn
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The flight time t j of the charged particle m ] + is influenced, however, by the
deflection field. As this field is conservative, the gain in transverse velocity vx of mj +
in the deflection field will result in a decrease in axial velocity vy, when the particle
leaves the deflection field. This decrease depends on the magnitude of the deflection
and thus on the mass of the charged particle. After some calculation the following
expression for X\ is obtained

dl+>2> m2vy 02-5) Pmo m2vy
x, = (1 ) + ( ) 2 ( 1 - 5 ) + 0(2) (6)

v0 movo 2v0 m,l2 movo

The second term results from the lowering of the axial velocity. \ denotes the
distance from the plane of reference of the deflection unit to the effective end of the
deflection field. For x we now get

vy 12-5 moP m 2 v y
x = x 2 - t ! = d i +12) ( ) 2 (1 - 5 ) + 0(2) (7)

v 0
2 2v0 m i l 2

2 5 moP m2vy vy
= T' - ( ) 2 ( 1 - 5 ) + 0(2) with T ' = ( I I + 1 2 ) —

2v0 mil2 movo v 0
2

where T ' is defined as the flight time difference neglecting the influence of the
deflection field. In case of zero kinetic energy release we obtain the zero order
solutions given by

m0

x2 = 0 , xi = (3 and T ' = 0 (8)
mj

We can now derive the expressions for the quantities of interest, which are the mass
ratio f\, the kinetic energy release in the plane of dispersion e and its accesory angle of
dissociation 0, defined by
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m l 1 vx
T| = — , e s — n ( v x

2 + v y2) and Q = arctan (—) (9)

m0
 2

Substituting these definitions into the eq. (3), (4) and (7) for x j , X2and x we can solve

the expressions forT), e, and 8. For r | this results in

vy
p ( l - 2 — ) - x 2

v o (5 vy p X2 p
71 = = —(1 +2—( 1) + — ( 1)) + 0(2) (10)

V y XJ VQ X] fi XJ

X l - x 2 - 2 p —

p p x2 2vox'
= —(1 + ( 1) (— + )) + 0(2)

xj xj p h + h

For 9 one obtains

X2 X1X2
9 = arctan ( ) = arctan ( ) + 0(2) (11)

T)VOT;' p v o x '

and for e one finds

I 2
e = - m o v o

2 ( (—) 2 + (v0 T ')2) (12)
2 2
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(1 - — )

P xj x l x 2
= E 0 (( - ) 2 + ( v o x ' ) 2 ) + 0(3)

xi (ll + '2)2 P

with Eo = eV0 the kinetic energy of the precursor ion m 0
+ . It has to be noted that for

reasons of simplicity in these expressions x ' is used instead of the experimentally
measured quantity x. Using the above eqns. (7. 10-12) the set (r|, e, 0) is calculated per
incidence event from the variables (xi, xi. x). Finally, it must be emphasized that T\ is
calculated from x j , X2 and x up to first order. This implies that the accuracy is limited
by the magnitude of the higher order contributions. For example, if p/xj has a spread
of 10%, the calculated rj has an accuracy of 1 %.

2.2. ERROR DISCUSSION

From the above expressions we can now calculate the accuracy in r\ resulting
from (he experimental uncertainties in x j , X2, x and p. This directly yields the
theoretically obtainable mass resolution of the second stage. Partial differentiation of
eq. (10) yields

dr| dx\ d\\ dx\
5r| = ( (—5x) 2 + ( 8x 2 ) 2 + ( 5X 1 ) 2 + ( — 5 p ) 2 ) 1 / 2 (13)

5x 3x2 dx] dp

No cross terms have been taken into account as it is assumed that the errors do not
correlate. Up to first order we write with ri0 = p/xj

n
— = ((A5x)2 + (B8x2)2 + (C8\\)2 + (D5p)2 ) 1 / 2 (14)

where

2v0 P , P , ]
A s ( 1),B = - ( 1), C = — and D = —

( 1 I + 1 2 ) x , P X ] xj P
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In the chosen experimental setup the FWHM errors for xj and X2 are 160 u.m and 55
p.m, respectively. The time resolution 5T is of the order of 1 ns. With respect to the
error 53, we remark that the errors due to the kinetic energy loss of the precursor
and due lo the scattering of the center of mass caused by the collision with the neutral
gas also contribute. These contributions can be estimated with help of

Sp 5E0 5v0

— = = (15)
P Eo 2v0

Even at high kinetic energy losses 8E0 of the order of 10 eV [10] the relative error in
p is 5.10~4 with an energy Eo of 20 keV. This is smaller than the detector resolution.
In the same way the scattering contribution can be estimated by using 6vo/vo. The size
of the focal point also constitutes a contribution to 8p. However, because the first
stage is double focusing, this contribution can be made small by increasing the mass
resolution of the first stage.

Fig. 2 gives an example of the four different errors and their contributions to
the FWHM resolution according to eq. (14) for P = 120 mm. The main contribution is
given by the error 8p. This error alone limits the resolution to 750 over the whole
mass range. A small value for p will therefore lower the resolution, but increase the
detectable mass range. Adding the other contributions the resolution varies between
531 for xi = 120mm(ri = I ) to658forxi = 240 mm (r\= 0.5).

The demands on the accuracy in the calculation of e and 6 are less severe, as they
show broad distributions and no fine structures are expected. Therefore accuracies of
1 % are sufficient.

Additional sources of error are contained in the limited accuracy of the
experimentalal parameters used in the eqns. (10-12). The finite length of the collision
cell, denoted by 81, yields such an error in the calculation of TJ, £ and 0. We will
estimate the influence of 81 on the accuracy of r|, £ and 0. In the expression for 8r)/rj
this error only enters in A (see eqn. (14)) and the error in A due to 81 is given by

8A 81
= (16)

A 1] + b
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POSITION X, IN MM

2E0

Fig. 2. FWHM accuracies for the mass measurement calculated according to eq.
(13) for a case with mo = 100 amu, Eo = 20 keV and a flight length of
1.030 m. Line (a), (b), (c) and (d) show the partial errors due to the
given errors 8T(1 ns), dxj (55 pirn), Sxj (160 firn) and 8(5(160 pm),
respectively. Line (e) gives the total relative error. The maximum
resolution varies between 531 and 658 for r\= 1 tor\ = 0.5.

As the error in r\ due to the error AST is very small (see Fig. 2), this effect can be
neglected for the accuracy of TJ.

Because 0 does not depend directly on Ij and fy, 8 is not influenced by the finite
length of the collision cell.

However, the calculated kinetic energy e is affected by 81, because (cf. eqn.
(12)),

5e 61
(17)
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As a relative accuracy of about 1% is required for e, we can calculate for lj + I2 =
1030 mm an upper limit for 51 of 5 mm. This is a reasonable value for the maximum
length of the collision cell. The effective broadening due to this finite length can be
calculated [5] and can be used to deconvolute the measured spectra.

A further source of error is caused by the fact that fragment ions do not enter
the deflection section on the zero potential line. An change in the time-of-flight of the
charged fragments Tj is then introduced as some ions are accelerated and some are
decelerated in the deflection section relative to the ions which enter on the main
optical axis. We can estimate the seriousness of this effect as follows. For a bundle
with thickness It,, the relative velocity change in the deflector for an 'extreme' ion is
given by

(18)

\\

Using the definition of P (eqn. (13)) we obtain for the relative spread in the arrival
times of the charged fragments mj

5X! L' §V 1 m 0 P C
= = (19)

X! I1 + l2 V! m ^ O i + l ^

With the zero order solution for t j = (lj + l2)/v0 we can write

(20)

A typical value for 5TJ is 0.5 ns which falls within the experimental accuracy for T .
This effect can therefore also be neglected.
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3. INSTRUMENTAL

3.1. MECHANICAL CONSTRUCTION

Fig. 3 shows schematically the construction of the second stage differential
time-of-flight mass spectrometer. Due to the modular design the various lenses as
well as the slits, collision chamber and detectors can be independently aligned with
respect to the main optical axis of the first stage mass spectrometer. The imaging and
detection part of the second stage are floated on the acceleration voltage (max.
20 kV).

The flight tube is pumped by an oil diffusion pump with a nominal pumping
speed of 2800 1/s located directly under the collision cell. The length of the collision
cell is 3.5 mm. The background pressure is 1.10"^ mb. The collision cell pressure is
measured using a temperature-stabilized baratron capacitance gauge (MKS
instruments Inc., 45 Middlesex Turnpike, Burlington, MA, USA).

A mu-metal cylinder inside the vacuum housing screens the effect of the earth
magnetic field on the ion trajectories. The total flight length from the collision
chamber to the detector can be changed by using extension tubes with different
lengths.

3.2. ELECTRONICS AND DATA-MANAGEMENT

For the quadrupole lens and the deflection unit floating power supplies are used.
The axis of symmetry of these lenses can be displaced by varying asymmetrically the
electrode voltages in order to align the symmetry axis to the ion beam.

The position-sensitive micro-channelplate (MCP) detectors used have been
described extensively before [5,11]. A short outline will be given here. For the
neutral particle detector 46 mm diameter MCPs are used. For the charged particle
detector MCPs with a length of 125 mm are used (both Philips Mullard Co., UK). The
channelpitch is 15 |4.m. In this experimental setup the MCPs are used in the counting
mods.

The timing signals from the detectors are obtained by monitoring the fast
current pulses induced in the supply lines of the output side of the second MCPs. With
a transmission-line type transformer a fast voltage pulse is created at ground
potential. Special gold-plated MCPs are used to obtain a position independent rise
time of these pulses [4]. Utilizing fast pulse amplifiers and constant fraction
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A DIFFERENTIAL TIME OF FLIGHT MASS SPECTROMETER FOR THE MEASUREMENT OF
FRAGMENT MASS AND KINETIC ENERGY RELEASE OF PARALLEL DISSOCIATION REACTIONS

m.

TET
10 11

50 cm ! - ENTRANCE SLIT
2 - ACCELERATION LENS
3 VACUUM HOUSING
4 - HIGH-VOLTAGE INSULATOR
5 - ELECTROSTATIC QUADRUPOLE LENS
6 COLLISION CELL
7 OIL DIFFUSION PUMP
8 ELECTROSTATIC DEFLECTION UNIT
9 MU- METAL SHIELDING
10 ADJUSTABLE DIAPHRAGM
11 MICRO CHANNELPLATE DETECTORS

Fig. 3. Schematic view of the second stage mass spectrometer.



-, 0 CM
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Fig. 4. The multi-anode pattern used to measure the'position of the charged
particle. A center-of-gravity method gives the impact position of the
particle.

discrimination a timing resolution per incoming pulse of better than 1 ns (FWHM)
can be achieved.

This is also the uncertainty in the time of arrival of the particle over the width
of one channel in the first MCP, due to the oblique angle (8°) of the channels.

For the position measurement of the impact of the incoming particle the center
of gravity of the electron cloud released by the MCP is determined using a
multi-anode array of rectangular conducting strips interconnected by capacitors and
resistors. An extensive description of this so-called dissection method is given in
chapter VI. Fig. 4 gives an example of such a multi-anode pattern for the case of a

- 138 -



line spectrum. Denoting the charges collected at the two ends of the capacitor chain by
Q a and Qj,, the position x of the impacting particle is given by Qa/(Qa+Qb). The
charge pulses from the floating detectors are directly transferred to ground potential
by low-noise high-voltage capacitors. After charge amplification a so-called RDC
(ratio-to-digital converter) directly digitizes the ratio Qa/(Qa+Qb)- The RDC was
built according to the design of Matoba et al. [12] and is based on a Wilkinson-type of
ADC [13]. It can yield a resolution of better than 1 in 1500 (FWHM) of the total
detector length for a dynamic range in (Qa+Qt>) of 20. Also, the alinearity is low (<
0.1 %). For the large MCP-detector of 125 mm this results in a spatial resolution of
100 |am (FWHM).

A fast bit-slice processor (400 ns per instruction) calculates on-line all
parameters of interest such as r\, e and 8 with a maximum accuracy of 11 bit (1 in
2048). Simple two-dimensional spectra N(r|), N(e) etc. are accumulated in an 8 K
multichannel analyzer (MCA). Three-dimensional spectra, e.g. N(T] , e), can be
accumulated simultaneously in a 256 K MCA. An LSI 11/23 processor and a VAX
11/785 computer (both Digital Equipment Corp., Maynard, MA 01754, USA) are
used for further data processing.

4. RESULTS AND DISCUSSION

The first CID measurements were performed with a source voltage Vj of 6 kV
and the second stage mass spectrometer on ground potential. Hydrogen was chosen as
test sample for these first tests with He as collision gas. The H2"1" ion beam was
produced in an electron impact source using 100 eV electrons.

By opening the exit slits of the first stage mas spectrometer and removing the
collision chamber the primary spectrum could be focussed onto the small
MCP-detector or, by using a deflection voltage, onto the large MCP-detector.
Focusing of the ion beam at the left- and right-hand side of the detectors was obtained
simultaneously, indicating a flat and perpendicular focal plane. In this so-called
"transparent" mode a mass resolution m/Am of 4500 (FWHM) was obtained on the
small detector in the first tests (see also Fig.5). Using an accelerated beam this is
expected to improve. The small detector, in principle, allows a mass resolution of
10,000 (FWHM).

For the CID process H2+ -> H+ + H a value of 80 mm was chosen for p\ The
flight length after the collision cell was 1030 mm. With a primary current of the
order of 1.10' ^A and a collision gas pressure of 6.5 .10'^ mb coincidence countrates
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up to 1 kHz were obtained. In general, the target gas thickness has to be much smaller
than 1 to avoid secondary fragmentation reactions, which can give rise to false
coincidences.

200 400 600 800 1000

CHANNEL NUMBER

Fig.5. The mass spectrum of H2+ detected in the second stage mass
spectrometer in the "transparent" mode without acceleration. The mass
resolution is 4500 (FWHM) with the exit slits of the first mass
spectrometer open.

Fig.5. shows the precursor ion spectrum recorded on the small MCP-detector
with the slits open and the collision cell removed.

Fig.6(a) to (f) show the results from the first CID meassurements. Per spectrum
typically 3.10^ events were recorded. With respect to the T - spectra (not shown), the
geometrical factor (I2- £) in the correction for the flight time of the charged fragment
H+ due to the deflection , was calibrated using the symmetry of x around t ' = 0 (cf.
eq.(7)).Fig.6(a) shows the neutral fragment spectrum (X2) from the small detector.
Neutralization of the H2 + precursor is also detected onto the X2-detector and has a
single countrate which is about two orders of magnitude larger than the coincidence
countrate for the CID process. This yields the sharp peak in the middle of Fig.6(a). Its
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Fig.6. The CID spectra of H2+ -> H+ + H at 6 keV precursor ion energy,
(a), (b), (c) and (d), (e), (f) show two series of spectra of X2, xj, and
Tj, respectively.



contribution can be reduced by setting a time window around the measured T -
distribution, indicating that it originates from false coincidences. The peak at the
right-hand side of the spectrum is also attributed to false coincidences, as it was
present in every neutral spectrum with different precursors and in both single event
and coincidence measurements.

The H+ spectrum detected on the large MCP-detector is shown in Fig.6(b).
From the calculated position of the H2+ precursor (see Fig.6(b)) the mass resolution
m/Am without the correction for the kinetic energy release is about 3 (FWHM). Using
the first-order correction given in eq.(7) and (10) the T) - spectrum, shown in
Fig.6(c), is calculated on-line. The resolution T|/AT| improves to 12 (FWHM). In
order to eliminate the contributions of the false coincidences present in the right-hand
side of the neutral spectrum (see Fig.6(c)), only coincidences with X2 < 520 were
accepted in the next experiment (Fig.6(d) to (f)). As a consequence only the right half
of the xj-distribution is measured (see Fig.6(e)). This results in an improved
resolution of 24 (FWHM) for r\ (see Fig.6(f))- From this one can conclude that the
final mass resolution is not limited by the detector resolution or erroneous
calculations. The fact that the cutoff in xj is not as sharp as in %2 could be explained
by scattering of the center-of-mass of both fragments in the collision. Furthermore,
it is noted that in order to improve the resolution, higher-order calculations have to
be taken into account and/or a higher precursor energy and a smaller flight length
have to be chosen.

Observing Fig.6(d), the half-width of the X2 - distribution gives an indication
for the kinetic energy release involved. For example, the X2 value at half-height
coincides with a kinetic energy release of 0.6 eV. This value agrees with the reported
values [3,4]. A more accurate kinetic energy release will be obtained in future by
using the equation for the calculation of £ per coincidence event (cf. eq.(12))

5. CONCLUSIONS

Concerning the ion optics of the second stage mass spectrometer, it can be stated
that the primary spectrum can be focussed and detected simultaneously onto both
position-sensitive detectors with good resolution.

With respect to the CID measurements, it has been proved that, in principle, it is
possible to increase the fragment mass resolution by correcting for the kinetic energy
release by measuring both fragments in coincidence. As the opening angles for the
detection of the fragments are large, the sensitivity is high. Moreover, agle-resolved
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measurements can be performed by selecting windows in the position spectra of the
neutral and charged fragment.

From the first results it is found, however, that the method needs refinement.
Firstly, higher order corrections in the calculation of the fragment mass ratio T| are
necessary to improve resolution. Also, the effect of scattering in the collisional
activation has to be investigated. In principle, the angle of scattering can be calculated
if r\ is known. Thirdly, the high-mass applications have to be investigated.

Summarizing, it can be stated that future experiments have to explore the scope
and abilities of the method of translational spectroscopy for the investigation of the
collision-induced dissociation of polyatomic ions.
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SUMMARY

Tandem mass spectromclry or mass spectrometry/mass spectrometry (MS/MS)
is a technique in which, after selection of a certain precursor or parent ion in the first
analyser, the mass spectrum of the reaction products involving these precursor ions
are detected in the second analyser. Collisions with neutral gas molecules is a simple
method to excite the ion in between the two stages of mass analysis. In most cases, the
most abundant type of reaction observed is fragmentation. This proces of
collision-induced dissociation (CID) is not only a way to obtain information on the
chemical structure of the selected precursor ion, but it also gives the opportunity to
study the excitation and fragmentation behaviour of these ions.

This thesis on one hand describes the instrumental development in the field of
tandem mass spectrometry in order to use this technique for the analysis of large
organic molecules. On the other hand experiments are described in which the proces
of collision-induced dissociation is investigated in more detail. With respect to the
first aspect a large amount of applications lies in the field of chemistry and biology.
Concerning the last aspect, the main reason for this more fundamental research lies in
the fact that still little is known on the fragmentation dynamics of polyatomic ions.

The first chapter gives a general introduction to the MS/MS technique and
describes the proces of collision-induced dissociation in terms of the total number of
variables and degrees of freedom.

In chapter II a description of the decomposition pattern of polyatomic ions as a
function of target gas pressure is given. The fragmentation pattern of CH,4+# has
been measured for the three different target gases He, Ar and Xe. From these
measurements fragmentation cross-sections are calculated, which can be used to
predict the fragmentation pattern. Concerning the target gas effects, He is found to be
the most efficient target gas with respect to optimum energy deposition and minimal
scattering losses.

Chapter III concerns the effect of the translational energy in polyatomic
ion/neutral target collisions. For four different organic molecules the relative
fragment ion abundances are monitored to asses the amount of excitation in the
collision. The results indicate that the average amount of energy transferred from
translational to internal energy does not regularly increases with the precursor ion
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translational energy. This is interpreted as being due to changes in the relative
probabilities of direct vibrational and electronic excitation as the collision energy
increases. Both types of experiments were carried out on an existing tandem mass
spectrometer with a simultaneous ion detection system.

Chapters IV to VI deal with instrumental developments on a double-focusing
mass spectrometer. They concern, in order of succession, a new type of ion source,
the ion optical equivalence of a field lens and a simultaneous detection system.
Chapter VII.1 and VII,2 deal with the design of a novel type of second analyser.

In more detail, chapter IV describes the design of a low-voltage ion source for
the desorption of large molecular ions. This is a technique to volatilize and ionize
molecules from thermally labile, high-molecular weight organic compounds. The
mass range of the mass spectrometer increases to 10,000 dalton by using low
acceleration voltages. It is shown that with a good ion-optical design the sensitivity for
desorption ionisation of non-volatile compounds can be improved, in particular at
low acceleration potentials. Cooling of glycerol as matrix material reduces the
evaporation losses without affecting the matrix properties.

In chapter V a means to increase the transmission of the double-focusing mass
spectrometer used is described. With an electrostatic quadrupole lens vertical
focusing is realized, without changing the ion optics in the horizontal plane of
dispersion. This decreases the geometrical aberrations and improves the transmission
with a factor of 2 to 3.

In chapter VI the ion optics of the magnetic sector of the mass spectrometer has
been improved for the application of a simultaneous detection system. Due to this, the
sensitivity increases with two orders of magnitude, which is of importance for the
detection of, for example, feeble desorption spectra. Using a position sensitive
detection method, based on a center of charge measurement for every incoming ion,
an unequalled resolution is obtained in the simultaneous detection of a large mass
range.

The last two chapters contain the description of a new type of second stage mass
analyser based on the principle of translational spectroscopy. With this method, after
a dissociation reaction, not only the charged fragment is analysed with respect to its
mass, but also the position and arrival time of the neutral fragment is measured in
coincidence. This enables one to solve all three degrees of freedom in the dissociation
proces. Other advantages of this method of analysis are the high-resolution fragment
analysis, i.e. not limited by the kinetic energy released in the dissociation and the high
transmission, due to the simultaneous detection by means of micro-channelplate
(MCP) detectors.
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Chapter VII. 1 deals with the ion optical design of this differential time-of-flight
mass spectrometer. The setup can also be used in the socalled "transparent mode"
without a collision chamber. The primary spectrum formed in the first stage is then
imaged onto the MCP-detector of the second stage.

Chapter VII.2 gives a description of the fragmentation dynamics and the way in
which the three quantities mentioned above are measured. Finally, the first results
obtained with this tandem mass spectrometer are shown.
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SAMENVATTING

Tandem massaspectrometrie of MS/MS is een methode waarmee, na selectie
van een bepaald moederion in de eerste massaspectrometer, het massaspectrum van
de reactieproducten ontstaan uit het moederion, gedetecteerd wordt in een tweede
analysator. Botsingen met neutrale gasmoleculen is een eenvoudige methode om
energie toe te voeren aan het geselecteerde ion tussen de twee analyse stappen in, zodat
reacties kunnen plaatsvinden. Fragmentatie is dan in veel gevallen het meest
voorkomende proces. Met behulp van deze zgn. botsingsgeinduceerde dissociatie
(BGD) kan niet alleen informatie verkregen worden over de chemische structuur van
het gekozen moederion, maar is het ook mogelijk om de dynamica van het excitatie-
en fragmentatieproces te bestuderen.

De inhoud van dit proefschrift is tweeledig. Enerzijds wordt een instrumentele
ontwikkeling op het gebied van de tandem massaspectrometrie beschreven met het
doel deze methode te gebruiken voor de structuuranalyse van grote organische
moleculen. Een grote hoeveelheid aan toepassingen hiervoor ligt in het gebied van de
chemie en biologie. Anderzijds worden experimenten beschreven, die ten doel hebben
het BGD-proces op zich beter te begrijpen. De belangrijkste reden voor dit meer
fundamenteel gerichte onderzoek ligt in het feit, dat er nog weinig bekend is over het
gedrag van meeratomige moleculen in botsingen met neutrale gasmoleculen in het
keV energiegebied.

In hoofdstuk 1 wordt een algemene inleiding gegeven over de MS/MS methode.
Het totale aantal variabelen en vrijheidsgraden, die een rol spelen in het
botsingsgeinduceerde dissociatie-proces, wordt beschreven.

In hoofdstuk II wordt een beschrijving gegeven van de invloed van
meervoudige botsingen op het fragmentatiepatroon. Voor de drie botsgassen He, Ar
en Xe zijn de fragmentatiereacties van het CH4+* ion gemeten als funclie van de
botsgasdruk. Voor de 10 belangrijkste reactiekanalen zijn botsingsdoorsnedes
berekend. Deze zijn gebruikt om de drukafhankelijkheid te voorspellen. Met
betrekking tot het effect van de verschillende botsgassen wordt geconcludeerd, dat He
het meest efficient is voor de verhouding tussen een maximale energiedepositie in het
moederion en minimale verstrooiingsverliezen.
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Hoofdstuk III behandelt de invloed van de translatieenergie in botsingen tussen
ionen en neutrale gasmoleculen. Om de gemiddelde hoeveelheid energie , die in een
botsing aan interne vrijheidsgraden wordt overgedragen, te bekijken, zijn voor vier
verschillende organische ionen de relatieve fragmentintensiteiten gemeten. De
resultaten geven aan, dat deze energieoverdracht niet altijd toeneemt met een toename
van de translatieenergie van het moederion. Dit wordt toegeschreven aan verschillen
in de waarschijnlijkheid van vibrationele en electronische aanslagen met toenemende
botsingsenergie. Beide experimenten werden uitgevoerd op een bestaande
dubbeltrapsmassaspectrometer met een simultane ionendetectie.

De overige hoofdstukken betreffen de ontwikkeling van een nieuw type
hybride tandem massaspectrometer. De hoofdstukken IV tot en met VI bevatten
instrumentele ontwikkelingen aan de dubbelfocusserende massaspectrometer, die de
eerste trap vormt. De hoofdstukken VII.1 en VII.2 behandelen een tweede trap
gebaseerd op een differentiële vluchttijdmeting.

In concreto, hoofdstuk IV beschrijft het ontwerp van een laagspanningsbron
voor de extractie van gesputterde molecuulionen. Deze desorptietechniek wordt
gebruikt om thermisch labiele hoog-moleculaire (organische) stoffen uit een
vloeibare matrix te verstuiven en te ioniseren. Door het gebruik van lage spanningen
(tot 1 kV) kunnen met conventionele magneten (1.5 T) ionen geanalyseerd worden tot
een massa van 10.000 amu. Dankzij de toepassing van een goede ionenoptiek, kan de
gevoeligheid verbeterd worden, in het bijzonder bij lage potentialen. Het gebruik van
een gekoelde probe reduceert de verdampingsverliezen aanzienlijk voor het gebruikte
matrixmateriaal.

In hoofdstuk V wordt een verbetering in transmissie van de
dubbelfocusserende massaspectrometer met behulp van een electrostatische
quadrupoollens besproken. Deze lens focusseert in het verticale vlak zonder de optiek
in het horizontale vlak van dispersie aan te tasten. Hierdoor nemen de geometrische
aberraties af en verbetert de transmissie met een factor 2 tot 3.

In hoofdstuk VI wordt de implementatie van een simultaan detectiesysteem in
de dubbelfocusserende massaspectrometer beschreven. Berekeningen voor de
aanpassing van de ionenoptiek van de magnetische sector worden gepresenteerd,
alsmede resultaten gemeten met behulp van een zgn. micro-channelplate (MCP)
detector. Hierdoor neemt de gevoeligheid toe met twee ordes van grootte en kan een
groot massabereik (11%) simultaan met hoge resolutie gemeten worden.

De twee laatste hoofdstukken bevatten een beschrijving van een nieuw type
massaspectrometer gebaseerd op het principe van de translatiespectroscopie. In deze
methode wordt, na een dissociatiereactie, niet alleen het geladen fragment
geanalyseerd op massa, maar ook de positie van het neutrale fragment wordt gemeten,
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alsmede het verschil in vluchttijd tussen de twee fragmenten. Door deze
coincidentiemeting worden alle drie vrijheidsgraden in de fragmentatiestap bepaald.
Voordelen van deze methode zijn het hoge massaoplossend vermogen, omdat de in de
dissociatie vrijkomende kinetische energie per gebeurtenis wordt gemeten en
gebruikt wordt voor de correctie van de massabepaling. De efficiency is bovendien
hoog door het gebruik van simultane detectie.

In hoofdstuk VII. 1 wordt de ionenoptiek van deze differentiele
vluchttijdmass. sectrometer besproken. De opstelling kan ook gebruikt worden in een
zgn. "transparante mode", zonder botskamer. Het primaire spectrum van
moederionen wordt dan vanuit de eerste trap afgebeeld op de MCP-detector van de
tweede trap.

Hoofdsruk VII.2 beschrijft de dissociatiedynamica en de coincidentiemeting
van de twee fragmenten. Tenslotte worden de eerste resultaten behaald met deze
hybride tandem massasectrometer getoond.
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