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ABSTRACT

Since new ionization methods were developed in the 1980’s, mass spectrometry has
evolved to a very significant technique for the investigation in atomic physics, nuclear
physics, materials science and, especially, biology and biochemistry. It is absolutely
necessary to design and construct a high performance mass analyzer for supporting the
progress of mass spectrometry. Here "high performance” means (1) high mass resolution,
(2) high mass range, (3) high transmission (sensitivity), and (4) easy ON-LINE
combination with another instrument.

This thesis consists of the two following subjects.

(1) Ion optical investigations of a high performance mass spectrometer are completed on
the basis of the transfer matrix method with a newly developed parameter search
program (MSPLEX) based on the simplex method. Three ion optical systems are
designed: (1) a new double focusing mass spectrometer having high mass range; (2) a
tandem mass spectrometer with quadrupole triplet interface; and (3) a zoom lens system
consisting of a quadrupole-octapole-quadrupole configuration. The instruments employing
these ion optical systems are constructed and the ion optical characteristics of the
instruments are examined and the results are in good agreement with the theoretical
predictions. The main purpose of construction of these instruments is to analyze heavy
organic compounds which are important in the field of biochemistry. The results
obtained by these instruments are: (1) high resolution mass spectra of biopolymer such
as bovine insulin (M.W. 5730); (2) a structure characterization of hemoglobin variant
using MS/MS analysis by a tandem mass spectrometer; and (3) a zoomed mass spectrum
in high resolution and wide mass range.

(2) In order to design an ion optical system which is applicable to wide spread beam,
a new ray tracing program (ELECTRA) is developed on the basis of the charge density
method and the Runge-Kutta method. By using this program, the fringing field integrals
of a quadrupole lens and the higher-order image aberrations up to seventh-order in the
fringing fields of an electrostatic analyzer are calculated. The effect of the imperfect
boundary shape of a sector magnet is investigated and the aberration observed for wide
beam spread is well explained by this effect. Finally two apparatus are designed: (1)
an NMR magnet with wide gap; and (2) a retardation lens system; where the
combination of the programs ELECTRA and MSPLEX is skillfully used. These two will
become powerful apparatus for atomic and nuclear physics.
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1. INTRODUCTION

Since the early 1980’s mass spectrometry has evolved to a very significant technique
for the investigation in atomic physics, nuclear physics, materials science and, especially
recently, biology and biochemistry. In these studies, it is absolutely necessary to supply
a high performance mass analyzer for supporting the progress of mass spectrometry.
Here "high performance” means: (1) high mass resolution, (2) high mass range, (3) high
transmission (sensitivity) and (4) easy ON-LINE combination with another instrument.
In order to develop a high performance mass spectrometer, the following four steps are
indispensable:

1) To investigate ion optics.

2) To design a system.

3) To construct it.

4) To examine its performance by experiments.

We report the results of the study along this line. The thesis consists of two subjects.
First, we designed and constructed (1) a high performance mass spectrometer, (2) a
tandem mass spectrometer, and (3) a zooming equipment using quadrupole-octapole-
quadrupole lenses. Ion optical calculations were done using transfer matrix method. The
background and motivation of such study are explained briefly in the following.

In 1981 [1.1] a very powerful ionization technique was introduced in organic mass
spectrometry. It was the fast atom bombardment (FAB) ionization which makes it
possible to ionize directly large polar molecules such as peptides, carbohydrates and
lipids. In FAB, the sample to be analyzed was dissolved in matrix (most case glycerol).
Primary Ar or Xe atoms having 5 to 10 keV energy were used to bombard the sample.
Subsequently the secondary ions of sample were produced in the protonated form
(M+H)", extracted and focused into a mass analyzer. Since FAB was very simple to
operate and gave reproducible secondary ions, it became widely used. Furthermore, since
it also allowed the ionization of molecules much larger than previously ionizable by
mass spectrometry, a new area of the study of "high-mass-range mass spectrometry”
started. Thus instruments with much higher mass range had to be available. In order to
satisfy such requirement, we designed and constructed a new double focusing mass
spectrometer having large radius of curvature of the central beam in the magnet, which
is explained in chapter 2.3.

Although conventional fast atom bombardment mass spectrometry (FAB-MS) primarily
generates the protonated molecular ion (M+H)* of the biopolymer such as peptides, often
little fragmentation, which is necessary to obtain reliable structural information, is
observed. Fragmentation can be achieved by collision-induced decomposition (CID), in
which the (M+H)* ion collides with a neutral atom (such as helium)[1.2]. In such
experiments two mass analyzers in tandem (a tandem mass spectrometer) are used. The
first mass analyzer (MS1) selects the (M+H)" ions of the molecule of interest (the
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precursor ion), which are then transmitted into a collision cell where fragmentation takes
place. The resulting fragment ions are then mass analyzed in the second mass
spectrometer (MS2) and the CID spectrum of the precursor is recorded. The method is
referred to as MS/MS. It should be emphasized that MS/MS is very useful for
investigating mixtures, ‘because a CID spectrum for each component in the mixture
unaffected by other components. There are in principle various ways in which MS/MS
experiments can be conducted. For the analysis of reasonably large molecule of unknown
structure, high resolution, high mass range and high sensitivity are required. In this case
it is necessary to use a four-sector instrument in which both MS1 and MS2 are high
mass double focusing magnetic spectrometers. A tandem mass spectrometer with
quadrupole triplet interface will be discussed in chapter 2.4.

Since the beam intensity of fragment ions produced by collision - induced
decomposition (CID) is very low, an array detector placed in the focal plane is
effectively used [1.3]. The detection efficiency is increased by a factor of 100 using an
array detector. The development of this type of detector has ‘been directed primarily
towards the determination of peptide sequence information using pico- to femto- mol of
sample [1.4]. The simultaneously detectable mass ranges of conventional mass
spectrometers are usually limited to approximately 5-10%. It is, therefore, necessary to
carry out a series of measurements to obtain a complete mass spectrum over a large
mass range. To overcome this tedious -time and sample consuming procedure, it is
desirable to develop a mass spectrometer which can vary mass range which is focused
on the array detector. We have developed a zoom lens system consisting of a
quadrupole-octapole-quadrupole configuration which is discussed in chapter 2.5.

Second, we have developed a ray tracing program "ELECTRA" and studied some
jon optical problems using this program. The background of this study is as follows:

The next requirement for a high performance mass spectrometer is a system which
satisfies "high transmission" or in other words " large beam acceptance”. For this
purpose, we have to pursue the treatment of not only narrow ion beam but also wide
spread beam. Then, we know the matrix method itself has following limitations:

1) Orily paraxial rays are calculated. |

2) The higher-order effects cannot be estimated.

3) The ion optical components that are not specified in the program cannot

be calculated. '
Accordingly, in order to improve the numerical calculation for a system treating wide
spread beams, we have developed a ray tracing program.

The procedure of the ray tracing method is that the field is specified by either an
analytical or numerical formula, then the trajectories are calculated by numerically
integrating the Lorentz’s equatioh of motion. Thus an arbitrary ion trajectory in an
arbitrary field can be obtained; the obtained trajectories include all higher order effects.
Therefore the ray tracing method does not have the limitations of paraxial rays.

The most difficult part of the ray tracing method is to specify the electromagnetic
field. The accuracy of the specified field is very important because the accuracy of
calculated trajectories strongly depend on it. The field can be specified by using (1)
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measured values, (2) approximation formula, (3) exact analytical formula or (4) values
obtained by solving Laplace’s equation numerically. For special cases the specification
using the manners (1), (2) or (3) is possible, but in general case the field can only be
specified in the manner(4). For this purpose we studied the numerical field calculation
method based on the charge density method [1.5], which is described in chapter 3.2.

The next step of the ray tracing method is to integrate the equations of motion. The
Runge-Kutta method was employed because it permits relatively easy calculation of
arbitrary fields, various geometrical regions (through which the integration can be carried
out), and different step sizes. On the basis of the charge density method and Runge-
Kutta - method, we developed a computer program 'ELECTRA’ (ELECTric field
calculation and RAy tracing) which is discussed in chapter 3.

The program ELECTRA could estimate precisely the higher order aberration caused
by a fringing field of electrostatic analyzer; this is discussed in chapter 4. ELECTRA
is also applied to calculate the fringing field of quadrupole lenses and the effect of the
boundary shape of a sector magnet. : ‘

The combination of the ray tracing méthod and the simplex method was dlscussed in
chapter 5 where two examples are presented. One is a design of a magnet for an NMR
spectrometer where the homogeneity of the magnetic field is optimize. Another example
is a retardation lens system for a hybrid mass spectrometer.
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2. DESIGN AND CONSTRUCTION OF A HIGH PERFORMANCE MASS
SPECTROMETER

2.1 INTRODUCTION

Before the invention of the fast atom bombardment (FAB) ionization-technique, a
mass spectrometer having "high transmission” and "high resolving power" was
recognized to be a "high-performance mass spectrometer’. The mass spectrometer
constructed at Osaka university [2.1.1] was a typical example. This instrument consisted
of a cylindrical electrostatic analyzer, an electrostatic quadrupole lens and a
homogeneous sector magnet designed by Matsuda [2.1.2). The second- and third- order
aberrations of the system were calculated to be very small and this was examined
experimentally [2.1.1]. The measured aberration coefficients were in good agreement with
the calculated values. The instrument was mainly used for measuring organic compounds
of less than three thousand daltons by the field desorption (FD) ionization
techniques [2.1.3]. The development of FAB made it possible to ionize organic.
compounds having much larger molecular weight than before and therefore "high mass
range" became the third key point of a high performance mass spectrometer. There is
a relationship as

M/z = B2 122V, (2.1.1)

where M is the mass of the ion, z is the charge of the ion, B is the magnetic field
strength, r,, the radius of the magnetic sector, and V, is accelerating potential. Equation
(2.1.1) defines the upper limit of detectable mass under the given r, and the maximum
field strength B_,,. It can be seen that to increase the detectable mass, either B, or
r,, must be increased, or V, must be decreased. The magnetic field strength is limited
because of the saturation of magnet material. To decrease V, is not favorable because
ion extraction efficiency also decreases. Hence we have to increase r,. Though it is
possible to increase 1, by scaling up a conventional instrument, such an instrument,
however, will require a very big and heavy magnet and large tloor space. To overcome
this problem, an ion optical system that can increase r,, while keeping the magnet in
reasonable size by decreasing the deflection angle is preferable. In this chapter we
discuss (1) the design and performance of a new mass spectrometer having large magnet
radius, (2) the design and performance of a tandem mass spectrometer with quadrupole
triplet interface and (3) a "zooming" function of a mass spectrometer.

Since an automatic search program was indispensable to determine the best values of
ion optical parameters, a computer program "MSPLEX" using the simplex method was
developed and is described in section 2.2.

Transfer matrix method

The coordinate system (x,y.z) is defined with its origin on the optical axis, with the
z direction along the optical axis as shown in Fig.2.1.1. In principle, ion trajectories in
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an electric or magnetic field can be calculated by solving the equations of motion and
can be specified in terms of an ion optical position vector P(x, @, y, B, v, &) where x
and y are the coordinates of an ion, & and B are the horizontal and vertical inclination
angles, y and 0 are relative mass and energy deviations, respectively. The ion optical
position vector P for any arbitrary position is a function of the initial vector Py(xq, O,
By V> 8). The relationship between P and P, can be expressed by the transfer matrix
[2.1.4](2.1.5]. The first-order relationship is in the horizontal direction

~

‘ix'% (x1x) (xloy (x1y) (x18)’ x(;;

= (alx) (ol (oly) (aIS)s - O

“ oc%
vy 0 0 10 2.1.12)
5 0 o 0 1113

and in the vertical direction

yi=lyly oIBt e
B, By BB Bo (2.1.1b)

The transfer matrix coefficients (x1x),(x1@),... can be obtained by, for example, the
program TRIO [2.1.5].

The total transfer matrix of a complete mass spectrometer system can be simply
calculated as the products of the transfer matrices of the individual components. When
the matrix elements of the first row of the total transfer matrix are written A,, Ag,... in
the x-direction and Ay, Ag,... in the y-direction, the position of an ion in the final
profile plane(x,y) can be expressed as

X=A X+ Ao Ot Ay AGDHA X0 TA X0t
y:AyyO+A BB0+A)‘XYOXO+ .......... (2. 1 2)
The theoretical mass resolution R of a spectrometer is given by

Ay

R= ———mm
A, s+d+A (2.1.3)

where s is the width of the source slit, d is the width of the collector slit A, and A,
are the overall image magnification and mass dispersion coefficient, respectively, and
A is the total amount of image aberration. The most efficient detection is obtained in
the case d=A,s+A. In this case the resolving power is given by

AY
2(A,$+A) (2.1.4)



If the aberration A is sufficiently small, the resolving power is proportional to Ay JA,.
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2.2 "MSPLEX" OPTIMIZATION PROGRAM USING SIMPLEX METHOD
2.2.1 INTRODUCTION

For designing ion optical systems, we have to determine many ion optical parameters
to fulfill requirements of a system. For most cases we have to repeat the ion optical
calculations again and again in order to find the optimum parameters. This is very
tedious and time consuming process. Therefore it is preferable and effective to do this
job automatically by the help of a parameter search program. Many types of algorithm
for parameter search have been proposed [2.2.1]. Among them, the simplex method has
been widely used because of its flexibility and stability [2.2.2, 2.2.3].

The optimization program "TRIOFIT" developed by Matsuo was formerly used [2.2.2].
However, this program sometimes failed to search or sometimes showed "instability"
because it contained too much complicated and sophisticated facilities. The simplex
program in TRIOFIT might be written so that it could be applied to the general use.
Here, a parameter search program named "MSPLEX" that is mainly suitable for the
determination of ion optical parameters has been prepared.

2.2.2 DESCRIPTION OF SIMPLEX METHOD

The simplex method was developed by Nelder and Mead [2.2.4]. A brief description
of the method is as follows. First a "simplex" with N+1 apexes is constructed in an N-
dimensional variable space. For example a triangle is constructed in a two-dimensional
variable space. Then the simplex approaches step by step to the minimum point by
changing its shape and position (see Fig.2.2.1). When the simplex becomes sufficiently
small, the search is finished. More detailed explanation of the simplex method is given
in ref [2,2,5]

Boundary condition

The simplex method itself is only a procedure to approach a local minimum point.
the ranges of the variables are unlimited. Actually, the variables have a finite range
where they can vary. Therefore, a practical program have to introduce some algorithm
that can limit the variables within the range. We assume that variables x; (i=1 to N)
have the following boundary conditions:

L <x, <y

(2.2.1)

where / and u; are lower and upper limits, respectively. In MSPLEX the variable x; is
transferred to a new variable y; as



minimum point

Fig. 2.2.1. Schematic drawing of simplex method.



The new variable y; can vary - to +eo, while the variable x; does not exceed the ranges
defined by Eqn.2.2.1. Therefore we can apply the simplex method using y; without any
boundary condition. This transformation does not create any new optimum point of the
function to be minimized.

The stopping condition is also quite simple in MSPLEX; that is

max{ dj, j=1,.,N+1} < ¢ (2.2.3)

where € is a small constant, d; is the length between j-th apex and the apex where the
function to be minimized has the smallest value in the simplex. If this condition is
satisfied, the difference between the value of x; of the apex having the smallest value
and that of other apex is within lu—/le.

2.2.3 THE USE OF THE PROGRAM "MSPLEX"

The program "MSPLEX" is a set of subroutines written in FORTRAN77. The
subroutines are described in this section.

1. SUBROUTINE INSET(L,U,X,NP)
This routine sets the ranges and the initial values of the variables.

input data

L(i): lower limit of i-th variable. (real)
U(@): upper limit of i-th variable. (real)
X(@): initial value of i-th variable. (real)
NP: number of variables. (integer)

2. SUBROUTINE MSPLEX(EPS, NMAX, NREP, IP)
This routine executes the simplex method.
input data

ESP: a small value used for ending the search (see Eqn.2.2.3).
NMAX: limit of search steps.
NREP: period of print out.
IP: parameter to control print out form.
If IP = -1; nothing is printed out.
= (; print out information of initial and final simplex.
. print out simple information of each period in addition
to the case IP = 0.
= 2; print out full information for all period.

—_—
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2.2. SUBROUTINE ANSWER(X)
This routine out put the variables of the minimum point of the final simplex.
output data
X(i): the value of i-th variable.

4. FUNCTION FUNC(X)

This is the function to be minimized. The name must be FUNC.
Figure 2.2.2 shows an example of a main program and a target function. The result of
the example is also shown in Fig.2.2.2.
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Chtkskbb kb kbbbbbhrb bbb bbbk bbb bbbk ek bk bbbbdd s

C EXAMPLE OF MAIN ROUTINE FOR SIMPLEX METHOD
c

REAL U(10), L(10). X(10)
C
C DEFINE L, U, X
C

L(1)=-0.0

L(2)=-0.0
c

U(1)= 10.0

U{2)= 10.0
C

X(1)= 3.0

X(2)= 7.0
C

NPARA=2
C

CALL INSET(L.U, X, NPARA)
c

CALL MSPLEX(0.001,100, 1,1)
C

CALL ANSWER(X)
C

WRITE(6,100) X(1). X(2)

100 FORMAT(///° RESULT OF SIMPLEX',

& * x(1)=",F10.3,5X,° X{(2)=",F10.3)

STOP

END

Chfdthbkibprrbhbdfbhbbbb bbb rbrbdbbbbbbbbbdddd i o i 554
c
¢ EXAMPLE OF FUNCTION FOR SIMPLEX METHOD
C
FUNCTION FUNC(X)
DIMENSION X(1)

c

FUNC = (X(1) - 5.0)#%2 + (X(2) - 5.0)%%2
C

RETURN

END

Fig. 2.2.2. An example of a main program of MSPLEX.
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1 3.0000 7.0000
2 4.5140 7.0000
3 3.0000 8.3182
( 1)= 8.0000
(2)= 4.2362
( 3)= 15.011
N= 1 FIQIS)= 1.2459 ALENG=
N= 2 FI(1S)= 1.2459 ALENG=
N= 3 FI(IS)= 86877 ALENG=
N= & FI(IS)= 45660 ALENG=
N= 5 FI(IS)= .34584 ALEXNG=
N= 6§ F1(1S)= .34584 ALENG=
N= 7 FI(IS)= .12029 ALENG=
N= 8 FI(IS)= .1059% ALENG=
N= 9 FI(IS)= .38875E-01  ALENG=
N= 10 FI(IS)= .38875E-01  ALENG=
N= 11 FI{iS)= .33371E-01  ALENG=
N= 12 FI(1S)= .98561E-02  ALENG=
N= 13 FI(IS)= .94143E-02  ALENG=
N= 14 FI(IS)= .61335E-02  ALENG=
N= 15 FI(IS)= .91450E-03  ALENG=
N= 16 FI(IS)= .91460E-03  ALENG=
N= 17  FI(IS)= .91460E-03  ALENG=
N= 18  FI(I1S)= .34764E-03  ALENG=
N= 19 FI(IS)= .12672E-03  ALENG=
N= 20 FI(IS)= .12672E-03  ALENG=
N= 21 FI(iS)= .12672E-03  ALENG=
N= 22  FI(1S)= .19628E-04  ALENG=
N= 23 FI(IS)= .15585E-04  ALENG=
= 24 FI(IS)= .15585E-04" ALENG=
$¥4% SEARCH END NFLAG= 1 “###%%
= 24 FI(IS)= .15585E-04  ALENG=
1 5.0035 §.0027
2 5.0030 4.9974
3 4.9961 4.9992
( 1)= .19628E-04
( 2)= .15585E-04
( 3)= .16215E-04
result of simplex x(1)= 5.003

.39270

. 32383

.27278

. 17841

11766

. 12885

.82076E-01L
.811583E-01
.49381E-01
.38642E-01
.38642E-01
.21068E-01
.24665E-01
.15469E-01
.12590E-01
.T7027E-02
.637T61E-02
.40T79E-02
.41187E-02
.21684E-02
.21684E-02
.15278E-02
.14144E-02
. T1833E-03

.T1533E-03

x(2)=

NN
NN
NX
NX
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN

NN

4.997

2222
1111
3333
3333
3333
1111
3333
3333
3333
3333
1111
3333
22212
3333
3333
3333
3333
3333
3333
3333
1111
3333
3333
3333

3833

Fig. 2.2.3. Example of calculation result of MSPLEX.




2.3 ION OPTICAL SYSTEM OF A NEW DOUBLE FOCUSING MASS
SPECTROMETER

2.3.1 PROCESS OF DETERMINATION OF FIELD PARAMETERS

A mass spectrometer has to be designed according to the following general procedure:
1) Specify the mass spectrometer’s performance characteristics in terms of
the first order coefficients A,, A, Ay, As, Ay and AB which are defined
in Eqn. 2.1.2.
2) Define the instrument’s geometry in terms of the first order parameters and
the dimensions and positions of the electric and magnetic sectors and of the
electrostatic quadrupole lens.
3) Specify and optimize the second order parameters so as to minimize the second
order aberration coefficients.
4) Calculate the third order coefficients to estimate the third order aberrations.

First order parameters

A configuration consisting of a cylindrical electric sector, an electrostatic quadrupole
lens and a homogeneous magnetic sector was considered. For simplicity of construction,
the similar cylindrical electric sector and an electric quadrupole lens as Matsuda’s design
[2.3.1] were used. Then, the first order parameters to be determined were the field
strength of the quadrupole lens(Q,), the radius of the magnet(r,), the deflection angle
(wy) of the magnet, and the entrance (€’) and the exit(e") angles of the magnet. Those
parameters should be determined along the following guide line.

1) In order to increase the radius of the magnet (r,,) under the condition of keeping the
magnet in reasonable size, the deflection angle (w_)) of the magnet must be decreased.
2) The lens action of a sector magnet decreases accordingly with the decrease

of w,, and therefore the focusing length increases. In order to compensate this,

the lens actions caused by large entrance (€’) and exit(e") angles of the magnet must

be introduced.

3) The field strength of the quadrupole lens (Q,) was determined so as to maximize ion
beam transmission in the vertical direction through a magnet.

Various combinations of r,, and w, were investigated. The set (1, = 2.4, w,= 40°
turned out to be the best combination from the view point of second order image
aberrations.
Second order parameters

When a suitable set of the first-order parameters(r,,, w,,, €, €",Q,) was found, then

second order aberrations must be minimized. The second-order parameters used here
were the radius of curvature of the curved boundaries in the vertical direction at the
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entrance(p,’) and the exit (p,") of the electric sector, and those of the magnetic sector
in the horizontal direction at the entrance (p,,’) and at the exit(p,"). The second-order
parameters were optimized by the program MSPLEX. The function to be minimized was

FUNC(P, . P Pm’) = WA+ A1+ Agsl+IA T+TA g1+1Az1 (2.3.1)

where w is a weight factor. If the second-order aberrations cannot be satisfactorily
reduced we have to repeat with other first-order parameters.

The new ion optical system

The first order parameters and aberration coefficients of the new ion optical system
are shown in (A) of Table 2.3.1 and those of Matsuda’s design in (B) for the
comparison. The system B was originally designed so as to achieve complete second
order focusing i.e. Aaa:AuszAsngyy:AyB:ABBzO. It should be noted that the second
and third order aberration coefficients of a new system are nearly the same order,
although the image aberrations tend to increase when the radius r, increases. It was
hardly possible to find such sets of parameters without the aid of MSPLEX.

In addition, the ratio A, /A, ,which is proportional to mass resolution, is 1.76 for
both systems. Therefore it is expected that both systems have the same resolving power
under the same slit condition.

The radius of the magnetic sector of a new system is 2.4 times larger than that of
Matsuda’s; this means that the mass range becomes 5.76 times higher. The size of the
magnetic sector (r,, w,) of the new system increases only 30%. Consequently, the
purpose of a new system which was to increase mass range without increasing the
magnet size, is achieved. The ion optical block diagram is shown in Fig.2.3.1.

2.3.2 EXPERIMENTAL RESULTS AND DISCUSSION

An instrument, JMS-HX110 (JEOL Ltd. Tokyo), based on the new ion optical system
discussed in the previous section was constructed and its performance was tested
experimentally. The radius of the magnet was 72cm and the acceleration voltage was
10kV.

First, the mass resolution was measured. Figure 2.3.2 shows the mass spectrum of a
doublet of m/Am=54260 at m/z=84 (m/z= 83.953356 of '*CH,**Cl, and m/z= 83.951808
of 2CD¥Cl,) produced by electron impact ionization(El). The mass resolution of
150000(10% valley) was obtained under the source slit width of S=1.7um and the
collector slit width of d=0.9um. This value was in good agreement with the calculated
value of 155000.

Second, the mass range was cxamined by measuring the mass spectrum of the
(Csl),Cs* cluster ions using Xe-atom bombardment. Figure 2.3.3 shows the spectrum
where clusters up to m/z=13902.8 were obtained at 10 kV acceleration. The spectrum
of Csl cluster is often used to calibrate the instrument for wide mass range.

Third, we took mass spectra of heavy organic compounds by FAB to show its
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applicability to biochemistry. A mass spectrum of bovine insulin (M.W.=5729.6
C;54H377,075NgsS¢) is shown in Fig.2.3.4. The peaks in the figure are the protonated-
molecular ions (M+H)* which has distribution pattern owing to the effect of the natural
occurring isotope of the elements, mainly the existence of *C. The theoretical mass
distribution of the bovine insulin is shown in the upper part (a) of Fig.2.3.4 and the
mass spectrum obtained by the mass spectrometer at Osaka University of Matsuda’s
design is shown in the middle diagram (b). The spectrum obtained by the new mass
spectrometer is shown in the lower diagram (c). It is clearly seen that the mass
resolution of the spectrum (c) has very much improved than that of (b) and that the
spectrum pattern of (c) shows good agreement with the simulated peak (a).

It is very important and useful that we can obtain mass spectrum of such heavy
organic compound such as insulin using a high mass range mass spectrometer with the
help of soft ionization technique [2.3.2]. If the mass resolution is high enough to
separate isotope peaks completely, we can determine not only chemical molecular weight
but the physical molecular weight of each isotope. To determine the precise molecular
weight of the compound is the first step of structural analysis of a unknown compound,
since the molecular weight is one of the basic physical quantity to characterize the
compound. The high resolution mass spectrum shown in Fig.2.3.4 gives key information
for biological compounds.

REFERENCES
[2.3.1] H. Matsuda, Nucl. Instr. Meth., 187 (1981) 127.

[2.3.2] H.R. Morris, Ed., Soft lonization Biochemical Mass Spectrometry, Heyden,
London, 1981,
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Table 2.3.1 First order parameters and aberration coefficients of
(A) the new ion optical system and (B) Matsuda’s [2.3.1].
The scale of the length is normalized to be r,=1.0 and r=1.272
for the system B and r_ =2.4 and r,=1.272 for A. The mass range of
A is 5.76(=2.4% times larger than that of B. The meaning of
overall transfer matrix elements A;; is given in Eqn.2.1.2.

A B
r, 1.272 1.272
W, 85° 85°
I 2.4 1.0
Wi 40° 72.5°
g -30° -15°
g" -30° 0°
Q -1.5 -1.91
A, 0.531 0.440
A, 0.934 0.776
A, -3.00 -1.63
Ag -2.00 -1.31
Ase 0.00 0.02
Agys 0.00 -0.02
Ags 0.23 0.01
Ay -0.19 -0.17
Ay 0.15 0.21
Agg 0.27 -0.02
Agoa 10.7 15.3
Agus -9.2 -11.3
Agss 127 16.5
Agyy 12.5 -1.2
Agyp 43.9 4.3
Agpp 71.6 8.6
Agss 4.7 -5.7
Asyy 43 0.7
Asyp 16.2 -3.6
Agpp -35.5 -8.3
mass range 5.76 1.0

(relative value)
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Fig. 2.3.2

1ZCD3SC|2 1ZCH23SC|2

Intensity (arb. units)

M

m/z (arb. units)

Mass spectrum of '2CH,*Cl; and 2CD**Cl, mass doublet at

m/z 84 (m/Am=54260). A mass resolution of 150000

(10% valley definition) is achieved. Whereas the theoretical mass
resolution of 155000 is expected. This mean that higher order image
aberrations are sufficiently small.
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2.4 ION OPTICAL SYSTEM OF A FOUR SECTOR MASS SPECTROMETER

2.4.1 INTRODUCTION

The recent development of high mass spectrometry have opened the wide application
field in biochemistry. The first purpose was to determine the precise molecular weight of
heavy biological compounds. We have succeeded in getting this information as discussed
in the previous section. The second target was to develop the techniques of getting useful
structural information such as amino acid sequence of a protein. For this purpose, we have
designed and constructed a tandem mass spectrometer with high efficient interface. The
design and its performances are discussed in this section.

2.4.2 Design and functions of a tandem mass spectrometer

We adopted the new double focusing mass spectrometer discussed in the previous
section for MS1 and MS2, since high mass range is required. The next question is to
employ how effective interface can be introduced between MSI and MS2. The set of
Einzel lens were formerly used, however its ion transmission was not satisfactory. We have
newly introduced a quadrupole triplet lens (QT) as an interface. lon optical block diagram
of a tandem mass spectrometer is shown in Fig. 2.4.1. The geometrical parameters of each
mass spectrometer are the same as shown in Fig. 2.3.1. The distance between the position
of detector slit (C,) and the position of source slit (S;) was chosen arbitrary, say 0.36m.
The focussing conditions were adjusted by tuning the field strength of three quadrupole
lenses. The optimization program MSPLEX was effectively used for this purpose.

It should be noted that two types of operation mode are possible using a tandem mass
spectrometer (four sector instrument), which are (1) conventional MS/MS mode and (2)
newly introduced enhanced mass resolution mode.

MS/MS mode

In order to obtain high resolution mass spectrum of CID ions by MS?2, the mass selected
precursor ion beams have to be focused at a source slit of MS2. Such focusing condition
could be realized using first two quadrupole lenses (Q1l and Q2). In order to define the
function to be minimized, we introduce the following transfer matrices: the matrix [S2] 1s
related to the region from the source slit of MS1 (S,) to that of MS2 (S,): [Eo] is related
to the region from S, to the exit of the second electric sector: [D2] is the overall matrix
(from S, to the collector slit of MS2). The potentials of two quadrupole lenses Q1 and Q2
are chosen as free parameters and that of Q3 is set to the ground potential. "The point to
point focusing" in the horizontal direction from collector slit of MS1 (C,) to the source slit
of MS2 (S,) is required for higher mass resolution. It is also required to compress and to
make ion beams parallel in the vertical direction for the purpose of efficient transmission
of daughter ions through MS2. Taking into account of above requirements, the function
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to be minimized becomes

FUNCQLQ2) = w Ix1o)lg, + [(7ly)lg, + (71, +
Il + 1B g + 1(yly)lp, + lyIB)lp, (40

where (x|0)g, ..., (y|B)p, are elements of matrices [S2],...,[D2] and w is a weight factor;
here we use w = 100. The first term of Eqn. 2.4.1 is the requirement for the point to point
focusing and other terms are for minimizing the divergence of the ion beam in the vertical
direction. The calculated beam envelopes are shown in Fig. 2.3.2.

Enhanced mass resolution mode

We have noticed that a tandem mass spectrometer which consists of two electric and
two magnetic sector can be used as a single four sector instrument. In this mode, better
mass resolution can be expected without decreasing ion beam intensity, since mass
dispersion can increase and image magnification can decrease. The free parameters are
Q1,Q2,Q3. In this mode S, is removed, however the apertures in this region are still
narrow. "The point to parallel focusing” in the horizontal direction is, therefore, required
in order to keep the beam size small in this region. In addition, the virtual image must be
focused to S, so that the double focusing condition is satisfied at C,. The function to be
minimized becomes

FUNC(Q1,Q2,Q3) = w l(@la)lg, + I(yly)lg + 1y 1Bl + I(yly)] gt
Iy 1B g + 1y Iy pg + 1y By (2.4.2)

The first term is the requirement for the point to parallel focusing and another terms are
for minimizing the divergence of the ion beam in the vertical direction.
The beam envelopes are shown in Fig. 2.4.3 at suitable initial conditions.

2.4.3 EXPERIMENTAL

The two types of operation mode were examined experimentally. The measurements
were carried out with a four-sector tandem mass spectrometer JEOL HX110-HX110 [2.4.3].
The ion optical block diagram is shown in Fig. 2.4.1. and its photograph is shown in Fig.
2.4.2. The acceleration voltage was 10kV. Mass spectra were recorded with a JEOL
DAS5000 data system. MS1 and MS2 were calibrated with an alkali iodide mixture (L,
Nal, CsI). The samples { xenon and perfulorokerosene(PFK)) were introduced through an
inlet system and ionized by electron impact (EI) ionization. The samples( melittin and
hemoglobin Nishiyama) were ionized by FAB method. Xenon of 6 keV was used as the
primary atom beam. Glycerol was used as a matrix.

MS/MS mode

The main purpose of MS/MS measurement is to give the structural information
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Fig. 2.4.2  Photograph of the new tandem mass spectrometer.
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concerning a specific ion peak selected by MS1 from the mixture sample. We discuss the
MS/MS capability by explaining the procedure of characterizing hemoglobin variant (Hb-
Nishiyama).

Generally, a protein consists of a number of amino acids and its sequence is inherent.
If one amino acid is mutated to the other, then its biological character is affected. This
protein is called to be "variant” and causes the "molecular disease” in most cases. It is very
important to elucidate the type and the position of amino acid mutation from the view
point of clinical diagnosis. The hemoglobin B-chain consists of 142 amino acids and
contains many same type of amino acids. In order to specify the position of the mutation,
the whole hemoglobin variant has to be digested by trypsin into fourteen peptide fragments.
The mass spectrum of the tryptic mixture is shown in Fig. 2.4.5. The peak with an arrow
can be identified as a "variant” peak of m/z=1256.6 by comparing with the normal case;
the mass of normal fragment should be m/z=1314.6. The decrease of 58.0 u suggested
one of the substitutions: (A) 21Asp —Gly, (B) 22Glu—Ala, or (C) 26Glu—Ala. In order to
determine the decisive sequence of the variant, collision-induced decomposition (CID)
technique was used. Mainly nine type of fragment ions are usually produced from
protonated peptide by CID as shown in Fig.2.4.6. Calculated masses of six type fragment
ions (a,, b,, Cp» Xps ¥n» Zo) fOT the normal and these three candidate sequences are predicted
in Fig. 2.4.7. The fragment ions formed in a collision cell were analyzed by MS2 using
a linked scan operation [2.4.4]. The MS/MS spectrum from the variant peak is shown in
Fig. 2.4.8. We assigned the obtained CID peaks with respect to the three candidate
sequences given in Fig.2.4.7 and could determine the real sequence of Hb-Nishiyama to
be the sequence (B) 22Glu—Ala. The process of the elucidation is explained in the figure
captions of Fig.2.4.8.

As shown in this case, the MS/MS technique can do its task quite easily in the
structural analysis of variants. A detailed discussion of characterizing protein valiant by
MS/MS technique was given, for example, ref. 2.4.5.

Enhanced resolution mode [2.4.6]

The detector slit of MS1 was removed for creation an aperture about 8 mm wide and
the source slit of MS2 was also removed. The procedure of measurement was as follows.
(1) the ion beam under study was detected using the variable slit (set to 90 pm) of MSI.
(2) the magnet of MS2 was scanned to sweep the ion beam across the MS2 detector slit
(70 um) and the resulting mass spectrum was recorded and stored in the data system.
Under these conditions, the detectable mass range through MS1 and MS2 with the fixed
magnetic field of MS1 was approximately 1.4%. lon beam transmission through MS2 was
measured by comparing the relative ion current of (CsI);;Cs™ ions at the detector of MSI
and MS2, respectively and found to be 1 : 0.9, i.e. 90% transmission from MS1 through
MS2.

First, a doublet of Am=0.087 u at m/z 131 ( m/z 130.905 of Xe and m/z 130.992 of
PFK generated by EI) was measured by MS1 alone shown ( Fig. 2.4.9a) and then by the
combination of (MS1 + MS2) (Fig. 2.4.9b). Both scan range and scan speed were kept
identical to produce comparable peak shape and mass dispersion. The mass resolution
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A. 21Asp - Gly

n 12 11 10 . 9 8 7 6 5 4 3 2 1

x 1184 1070 971 914 785 686 629 572 443 372 259 202

Yy : 1156 104z 1943 : 886 : 157 : 658 : 601 544 : 415 i 344 231 174

z 1141 1027' H 928: : 871: : 742: : 643: : 586: : 529: . 400: 329: : 216: : 159
VAL ASN VAL GLY GLU VAL GLY GLY GLU ' ALA- ' LLU ' GLY ’ ARG

'
NH2- CH CO-NH CH CO-NH CH CO-NH CH CL NH- CH CO—NH—~H~”O hH-yh ~CO~ Nh CH CO-NH- CH CO NH LH-CO ~NH- CH-CO ~NH- CH-CO NH CH-COOH

72 i 186 :285 342 H :471 : :570 3 :627 : :684 t o 813 F 884 : ; 997 ;

a : 1054 : .1210 ;
b 100 214 313 370 499 598 655 2 841 812 : 1025 1082 : 1256
c 115 229 328 3gs 514 613 670 727 856 927 1040 1097
n 1 2 3 4 5 6 7 8 9 10 11 12

n 12 11 10 9 ?{;L 8 7 3 5 4 3 2 1

X 1184 1070 971 856 185 686 629 572 443 372 259 202
b i 1156 1042 1 943 : B28 : 157 658 601 i 544 418 : 344 : 231 : 174
z T 1141 1027: : 928: 813* i T742: ¢ 643: 586: : B29: 400: i 329: 216: : 159
VAL ASN VAL ASP ALAJ VAL GLY GLY GLU ALA LEJ CLY ARG
I V l

NH2- CH CO NH~ CH -CC- NH CH CO—NH CH- CO-NH-CH -Co- NH LH CO NH CH-CO NH- CH LO-NH CH CO-VH CH CO—NH CH CO—NH-CH CO-| NH-”H COOH

72 :186 H :285 : :400 ro471 :570 : :627 813 [ 884 e 997 : 1054 : .1210

a H H
b 100 214 312 428 499 598 855 12 841 812 : 1025 : 1082 : 1256
c 115 229 328 443 514 613 670 727 856 927 1040 1097
n 1 2 3 4 5 6 7 8 9 10 11 12
C. 26Glu — Ala
I
n 12 11 10 9 8 7 ' 6 5 "v/ 4 3 2 1
X 1184 1070 971 8586 1217 628 57 514 443 372 259 202
y : 1156 i lo42 i 943 : 828 : 699 i 600 T 543 i 486 415 344 : 231 : 174
z ¢ 1141: 10?7 T 928: ; B13: : 684: 585: : 528' H 471 ¢ 400: : 329: 216: : 159
VAL ’ ASV VAL ASP GLU. VAL GLY GLY A ALA LEU GLY ARG

1 1 1 1

NH2- "H CO -NH- CH CO-NH- CH CO—NH CH-CC-NH- CH CO~NH~CH~ CO NH CH CO—NH-CH ~CO- VH CH =~CO~ Nd CU CO—NH CH CO—NH CH-CO—NH CH COOH

a 2% 1186 & 285 . 00 : 529 . i620 . iess | 143 1 i oeis D884 . i 997+ ilos4 | ‘1210

b 100 219 313 428 557 656 713 770 841 912 : 1025 : 1082 ; 1256
c 115 229 328 143 572 671 728 785 856 927 1040 1097

n 1 2 3 1 5 6 7 8 9 10 1 12

D. Normal

n 12 11 10 9 8 7 6 5 4 3 2 1

X 1242 1128 1029 914 785 686 €29 572 443 372 259 202

1 ;1214 2 l1lo¢ 1001 : 886 7157 : 658 D001 544 ¢ 418 ¢ 344 : 231 T174

z o1 1199 ¢ o1085: 986: © 871 742: i 643: 586: ¢ 529: @ 400: 329: : 216: : 159
VAL' ' ASV. QAL' ’ AGP ’ GLU VAL GLY GnY GLU ALA LLU GLY ARG

1 1 ! ! 1 1

NH2 - LH CO NH CH -CO-NH~ CH ~CO-NH- CH ~CC-NH-CH-CC- NH CH CO NH~-CH~- CO-NH C4 CO—Ni LH -COo- NH~CH CO—NH cu~co NH—»H LO—NH CH COOH

72 : .186 ; :ZBé ; :400 ; ;529 i 10628 :685 : :742 co 871 H 942 : 1059 : 1112 : .1268

a
b 100 214 3 4?28 557 656 713 710 899 970 : 1083 : 1140 : 1314
c 1]5 229 328 443 572 671 728 785 9214 985 1098 1155
n 1 2 3 4 5 6 7 8 9 10 11 12

Fig. 2.4.7 Calculated masses of six type fragment ions.
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Fig. 2.4.8.a. MS/MS spectrum from variant peak of HB-B Nishiyama. The peaks are
assigned according to the candidate sequence A in Fig.2.4.7
(21Asp — Gly). The peaks Xo, Yo, Zg cannot be assigned in this case.
This means that the part (-G-E-) of the candidate sequence indicated in the
figure is not correct.



+
B. 22Glu — Ala (M-+H)

1256
—X 20.0 A A
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"
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Fig. 2.4.8.b. MS/MS spectrum from variant peak of HB-f Nishiyama. The peaks are
assigned according to the candidate sequence B in Fig.2.4.7 (22Glu — Ala).

Almost all x, y,, z, peaks can be assigned. This means that this
candidate sequence is correct.
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Fig. 2.4.8.c. MS/MS spectrum from variant peak of HB-

C. 26Glu — Ala
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B Nishiyama. The peaks are

assigned according to the candidate sequence Cin Fig.2.4.7 (26Glu — Ala).
The peaks X,, Yn. Z, (n=5 to &) cannot be assigned. This means that
the part (-E-V-G-G-A-) of the candidate sequence indicated in the

figure 1s not correct.
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predicted by theoretical calculations and that found experimentally are compared in Table
2.4.1. The improvement factor of image magnification, mass dispersion and mass resolution
between MS1 and (MS1+MS2) is shown in Table 2.4.2. Both theoretical and experimental
values agree quite well, confirming the ion optical considerations put forward in the
preceding theoretical discussion.

Second, the protonated molecular ion (M+H)" region of the FAB spectrum of melittin
was recorded by MS1 and (MSI + MS2), respectively. The results are shown in Fig.
2.4.10a and Flg. 2.4.10b. These mass spectra were taken with the same sample amount and
source slit width (giving the same ion current measured with the variable detector slit of
MS1). Mass resolution is clearly improved, while a transmission efficiency of 90% is
obtained as demonstrated by the Csl measurement. Thus a four sector mass spectrometer
operated in this enhanced resolution mode results in more than two times higher mass
resolution while retaining almost the same beam intensity. Although the same improved
resolution could be obtained by narrowing the slits of a single double-focusing mass
spectrometer, it would be at the expense of a proportionally reduced sensitivity.

The enhanced resolution mode is useful to detect the molecular ion cluster in high mass
resolution using a simultaneous detector (an array detector). This was demonstrated by
Biemann's group experimentally [2.4.7], where the molecular cluster of glucagon (m/z
3481.6) was detected with a mass resolution of 5500.

2.4.4 CONCLUSION

A tandem mass spectrometer consisting of four sectors has the following three functions:
(1) single MS mode by using either MS1 or MS2, (2) MS/MS mode, and (3) enhanced
mass resolution mode by using (MS1+MS2). We demonstrated these three functions
experimentally. The ion optical performance agreed well with the calculated expectations.
The key feature is the proper beam transmission through the quadrupole triplet located
between MS1 and MS2. The function and the usefulness of a tandem mass spectrometry
in biological compound such as "variant protein” could be demonstrated by experiments.
Many scientists have been using this type of mass spectrometer in various field of
biochemistry.
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Table 2.4.1 Comparison of magnification, mass dispersion and mass resolution
of MS1 only and the enhanced reaolution mode (MS1+MS?2)

Hass resolution (MS-1)

Mass resolution (MS-1 + MS-2)

0.28 0.47
Theoretical — = 2600 — = 6500
2¢0.53 xp 2(0.36 %
Experimental 2440 5790

Table 2.4.2 Comparison of theoretical and expreimental mass resolution

Magnification Hass dispersion Mass resolution
0.36 0.47 0.4770.36
Theoretical — = 0.68 — = 1.68 —_—= 2.49
0.53 0.28 0.28/0.53
19 73 73719
Experimental — = 0.66 — = 1.55 = 2.37
29 47 ' 47729
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of melittin. (a) MS1 only; (b) (MS1+MS2). Each represents a single scan.
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2.5 ZOOMING FUNCTION OF A MASS SPECTROMETER USING
QUADRUPOLE-OCTAPOLE-QUADRUPOLE ARRANGEMENT

2.5.1 INTRODUCTION

A simultaneous ion detector (an array detector) is very powerful apparatus to detect
weak ion beams having different masses. It is necessary to vary mass dispersion of a
mass spectrometer, since an array detector has the limited size and its space resolution
is also limited. A method for varying the mass dispersion by using quadrupole lenses
has been proposed by Tuithof and Boerboom [2.5.3]. They have constructed an
instrument which consists of a magnetic quadrupole lens, a magnetic sector having a
radius of 165mm and an electrostatic quadrupole lens. This single focusing instrument
can vary the mass range 1 : 1.01 through 1 : 1.60 on a 20mm focal plane. Their
method, however, is not suitable for a double focusing mass spectrometer, because
additional quadrupole lenses placed before a magnetic sector strongly disturb the double
focusing condition. We have, therefore, developed a new zooming system which is
suitable for a double focusing mass spectrometer. Two electrostatic quadrupole lenses
(a quadrupole doublet) and an electrostatic octapole lens are introduced after a magnetic
sector. lon optical study and experimental results of this new zooming apparatus are
described in this section.

2.5.2 GEOMETRY

This system consists of the double focusing mass spectrometer (JEOL JMS-HX110)
and three additional lenses. The geometry is shown in Fig.2.5.1. The point P, is the
double focusing point of the original system where a point detector is placed. One of
the features of the new system is that when all the electric potentials applied to the
additional lenses are set to zero, we can operate the new system following as the
original way; thus either a conventional point detector or array detector can be used.

An electrostatic quadrupole doublet (QD1,QD2) is introduced to vary the
simultaneously detectable mass range on an array detector and an electrostatic octapole
lens (Q) is introduced to correct the curvature of the focal plane due to third order
aberrations. An array detector is placed at the focusing point of the new system (Py)
with inclination angle , which is the angle between the optic axis and the angle focal
plane.

2.5.3 QUADRUPOLE DOUBLET

The transfer matrix method with MSPLEX was used for ion optical calculations.
Three matrices are defined to investigate the function of the quadrupole doublet (see the
lower part of Fig. 2.5.1): the matrix [A] is related to the total ion optical system (from
the source slit to the point Py); [B] is related to the region from the source slit to the
exit of the magnetic sector; [C] is related to the region from the exit of the magnetic
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sector to P,. The position vector (x1,04,Y,0) at Py 1s expressed in the first order as

x1 ; (xlx), xloys (xIMa (x84 ; X'
Iali = | (alx), (@lo), AR (alS)A; %
ly‘:, 0 0 1 0 } LY (2.5.1)
5 |0 0 o 1 ji8

where (x1x),,(x | 00),...are the elements of[A] and (X(.0,Y,0) is the initial position vector
at the source slit. The matrix [A] is given by the product of [C] and [B] as

|(xlx), 1oy, (xlPa (x18)4

(alx), (@loy, (oly)s (018, =

0 0 1 0
L 0 0 0 1
(xlx)p (xloyy 1Py (x18)g x1xe xlo)e xlye x18)c |
(@0 (@l @y @ldp | | @lx)c loe (©@1Pe (@ld)]
0 0 1 0 0 0 1 0 |
0 0 0 1 0 0 0 1

(2.5.2)

where (x| X)e (x| @)c,... are the elements of [C] and (x|X)g,(x|®)y.... are the elements of
[B]. It should be noted that the matrix [B] is only related to the original system and
[C] is only related to the additional lenses.

Double focusing condition

If the point P, is not the angle focusing point, the distance d, between P; and the
angle focusing point is given by, for example, in ref.2.5.5.

d, = ~(x oy /ol o) (2.5.3)
The distance dg between P, and the energy focusing point is given by

ds = -(x18)a/(018) 4 (2.5.4)
When we fulfill the angle focusing condition at the point P,(d,=0), then the energy
focusing condition (dz=0) is also satisfied; this is proved as follows. The distance d,
from the exit of the magnetic sector to the double focusing point P, of the original
system is given by

dy = -(xl o)/l )= -(x|8)/(l By (2.5.5)
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Using Eqn(2.5.5), we obtain
(xlo)p(al )y - x 18l =0 (2.5.6)

The matrix[C] is composed of drift spaces, electrostatic quadrupole lenses and an
electrostatic octapole lens. These components have neither mass nor energy dispersing
action in a first order; thus (x1y0) = (x18)¢ =(@IV)¢ = (a!8)c= 0. Then, if we define
a following sub matrix of[A] from Eqn(2.5.2), this sub matrix is simply expressed by
sub matrices of [B] and [C] as

—

(x| o), (xlS); xIx)e xloe /(xla)B (xl?))B‘l

@loy, @8, | = |@lx)e (aloe ' ;L(odcx)B (alS)BJ (2.5.7)

. _ L A .
The determinant of this matrix is then obtained as

aloy, &8, |xlne Gloe| | log «I®s|=0

@loy, (@), ] = l@lx)e (@l ; (alog (oc|8)BE (2.5.8)
Here we use Eqn.2.5.6. Using Eqns.2.5.3, 2.5.4 and 2.5.8, we obtain

d, - ds = ((xlo)a(o1d)4 - (x18) (0] o) L) (o) (ald)y) =0 (2.5.9)

Hence, d, = dg in other words, the double focusing point can be moved among the
optic axis by using additional lenses without disturbing the double focusing condition.

Relationship between mass range and focal plane angle
The simultaneously detectable mass range (R) is defined as

where m, is the mass of the ion detected at the center of the detector, and m,; and m,
are the minimum and the maximum mass of the ions simultaneously detected,
respectively (see Fig. 2.5.2). The ratio m;m, can be approximately expressed as
1:142R/(2-R). We can vary R by varying the lens strength of two quadrupole
lenses(QD1,QD2) while holding the double focusing condition at Py(d,= ds = 0),
because we can vary two parameters. For example, if QD1 is given, then QD2 is
determined so that P, is the double focusing point. However, we cannot vary R without
changing 6, even if we can use another quadrupole lens. Let us now investigate the
relationship between R and 0, To the first order approximation, R is given by the
following equation from geometrical consideration
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R = (L /A) sin 6, (2.5.11)

where AYz(xly)A is the mass dispersion and L is the detector length (see Fig. 2.5.2).
The relationship between the mass dispersion A, and 8, is given by (see Appendix )

tan 6, = K / Ay (2.5.12)
where

K = - {xlyglalo)g- (xloglaly))? /((x oyl o)y (xloyglalay)g) (2.5.13)

The constant K only depends on the original system. Eliminating A, from Eqn(2.5.11)
by using Eqn(2.5.12), we obtain the relationship between R and 0, as

R=(L/K) tan 0, sin 6, (2.5.14)

It should be noted that the constant K is independent of the additional lenses: thus we
cannot vary the mass range R without changing the angle 0.

Simulation of ion trajectories

The ion trajectories of the lens system were calculated by using the program TRIO.
In order to determine the parameters QD1 and QD2, the parameter search program
MSPLEX discussed in section 2.2 was used. Figure 2.5.3 shows the simulated [2.5.4]
ion trajectories calculated up to the third order approximation under typical conditions:
(a) B, =38°% (b) 6, =27 (c) B, = 16°. For this system K = 98.8mm, then the mass
range covered by a 50mm detector under conditions of (a),(b) and (c) are 24% (R=0.24),
12% (R=0.12) and 4% (R=0.04), respectively. The inclination angle 05 of the energy
focal plane also depends on the mass range. Figure 2.5.4 shows 0, and 05 as a function
of the mass range on a SOmm-detector. Since the angle 0, approximately coincides with
B5, the double focusing condition approximately holds at least near the double focusing
point P,.

2.5.4 OCTAPOLE LENS

The focal plane is usually curved because of the third-order focusing actions of the
system. It is ,therefore, possible to correct the curvature by using a third order focusing
element; an electrostatic octapole lens (O) is introduced for this purpose. Figure 2.5.5
shows the simulated[2.5.4] ion trajectories with and without the octapole lens where
8,=42°. It is clearly shown that without the octapole lens, the focal plane is strongly
curved, but with octapole lens, the curvature of the focal plane is corrected. The
octapole lens is expected to compensate the third order aberrations efficiently.
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(a) 6=38° 1\

(b)y 8=27°

i
(c) 68=16°
P2
N

Fig. 2.5.3 Simulated ion trajectories under typical conditions. The mass difference of

beam packets is 5%.
( The inclination angle of the focal plane 6, shown in this figure is not real,
because the scales of the vertical and horizontal directions are not identical.)
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Fig. 2.5.4 Inclination angles of the angle focal plane 0, and the energy focal plane 05
vs. simultaneously detectable mass range on a 50-mm detector.
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50mm

1

Fig. 2.5.5 Simulated ion trajectories (a) with and (b) without the octapole lens,
where 6, = 42 . The mass of beam packets distributes 15% around
the center beam by 5% each. (The scales of the vertical and horizontal
directions are identical.)
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2.5.5 EXPERIMENTAL

The functions of the zoom lens system were tested experimentally using a 50mm and
2048 channel array detector[2.5.2]. The function of the octapole lens at 0,=38.8° is
shown in Fig 2.5.6, where the peak broadening in the high and low mass region of the
spectrum is compensated by using octapole lens, Accordingly it was confirmed that the
use of the octapole lens is indispensable for the zoom lens system. The mass range of
the spectrum is calculated to be (460-359)/400=0.253 which is in good agreement with
the theoretical value of 0.255. This is the widest mass range ever detected by a double
focusing mass spectrometer using an array detector with a reasonable mass resolution.
Table 2.5.1 shows the calculated and measured mass ranges for 6,=14.9° to 38.8°. The
agreement between the calculated and the measured values is quite well.

2.5.6 CONCLUSION

The ion optical system described here has following features:

1) Simultaneously detectable mass range can be varied without disturbing the double
focusing condition.

2) Either a conventional point detector or array detector can be used in the same
spectrometer without geometrical modification.

3) The relationship between the detectable mass range R and the inclination angle
of the angle focal plane is simply given by Eqn.2.5.14.

4) The curvature of the focal plane is corrected by using the octapole lens. This is
important for detecting a wide mass range simultaneously.

Finally it should be noted that by using the quadrupole-oclapole-quadrupo]e lens
System, any type of double focusing mass spectrometer can be modified for simultaneous
detection of wider mass range.

REFERENCES

[2.5.1] J. S. Cottrell and S. Evans, Anal. Chem.,59 (1987) 1990.

[2.5.2] J. A. Hill, S. A. Martin, J. E. Biller and K. Biemann, Biomed. Environ.
Mass Spectrom., 17 (1988) 147.

[2.5.3] H. H. Tuithof and A. J. H. Boerboom, Int. J. Mass Spectrom. lon Phys,.\,
20 (1976) 107. B

[2.5.4] T. Matsuo, H. Matsuda, Y. Fujita and H. Wollnik, Mass Spectrosc.,
24 (1976) 19.

[2.5.5] T. Matsuo, T. Sakurai and P. Derrick, Int. J. Mass Spectrom. Ion Processes,
91 (1989) 41.

49



Table 2.5.1 Calculated and measured mass ranges with a S0mm detector.

The calculated values are obtained by using Eqn.2.5.14.

0, (deg) 249 301 359 388

99 147 21.5 255

Calculated mass range(%)
100 145 210 253

measured mass range(%)
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Fig. 2.5.6 Mass spectra of perfluoroalkayl phosphazine recorded by a SOmm and
2048 channel array detector (a) with, (b) without octapole lens,

where 0,=38.8"
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3. "ELECTRA" ELECTRIC FIELD CALCULATION AND RAY TRACING
PROGRAM

3.1 INTRODUCTION

In tecent years, several numerical field calculation methods have been developed
together with the development of the high speed computers with large memory
storages[3.1]. Among these calculation methods, the charge density method is most
suitable for the present purpose, because the accuracy of obtained field is very high and
both two dimensional and three dimensional calculation can easily be completed. A
program suitable for a ray tracing, specially for the case of a three dimensional case,
did not exist. Therefore, a field calculation and ray tracing program named "ELECTRA"
has been developed.

The object of this chapter is to describe the program ELECTRA which is used to
calculate the electric field specified by electrodes and calculate ion trajectories of
charged particles traveling in the field. The program ELECTRA can solve Laplace’s
equation in two dimensional, axially symmetric three dimensional and three dimensional
spaces using the charge density method. In section 3.2, the charge density method is
compared with other field calculation methods, then the detail of the calculation is
described. The program ELECTRA has ray tracing routines employing the fourth-order
Runge-Kutta method. lon trajectories in an arbitrary electrostatic field can be obtained
using the ray tracing function of ELECTRA. The program ELECTRA is a set of
SUBROUTINEs written in FORTRAN77. The final section of this chapter describes the
detail of the routines.



3.2 CHARGE DENSITY METHOD
3.2.1 FIELD CALCULATION METHODS

In the program ELECTRA (electric field calculation and ray tracing), a charge
density method is adopted to calculate an electric field. Three methods, a Finite
Difference Method (FDM), a Finite Element Method (FEM) and a Charge Density
Method are mainly used for the electric field calculation in charged particle optics.
These calculation methods can be divided into two categories i.e. domain method
(FDM, FEM) and boundary method (Charge Density Method) [3.1]. In this section,
features of those field calculation methods are discussed.

Domain method (FDM, FEM)
The procedure of the domain method is as follows:

1) The domain is divided into small elemenis.

2) A system of linear algebraic equations that approximate the Laplace’s equation is
constructed. :

3) The system of equations is solved to obtain the potential values of each mesh
point (node). (see Fig. 3.1)

In a finite difference method (FDM), the shape of clements is usually uniform
square. Therefore the mesh generation and the construction of the system of linear
equations are quite simple. Owing to this merit, the FDM have been used for long
years since when digital computers were not available. However, it is difficult to specify
complex electrode structures.

In an FEM, the shape of elements is typically arbitrary triangle. Accordingly it is
easy to express shapes of arbitrary electrodes. Thus this method can be applied to many
applications with high flexibility. However, the mesh generation and the construction of
the system of linear equations are complex. These are demerits of the FEM. The use
of a high speed computer with large memory storage is, therefore, indispensable for the
FEM.

In those two methods (FDM, FEM), first the potential values at each mesh point are
calculated, then the electric field is derived from the calculated potential values at each
mesh point by numerical differentiation. Therefore, even if the potential values have
small errors, the derived values of the electric field may have large errors generated in
the numerical differentiation.

Boundary Method

In a boundary method, we numerically solve an imtegral equation which determine
the charge distribution on the boundary under the applied boundary conditions. The
procedure is as follows:
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Fig. 3.1. Mesh in domain method.
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Fig. 3.2. Mesh in boundary method.
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1) Only the boundary is divided into elements in order to approximate the continuous
charge distribution (see Fig.3.2).

2) A system of linear algebraic equations that approximate the integral equation is
constructed. By solving this, the charges of the elements are obtained.

3) The electric potential and the electric field at any point are obtained by integrating
the contributions of the charges on the elements.

In contrast to domain methods, the calculated values of electric field are expected
to have smaller errors because numerical differentiation process is unnecessary. This is
one of merits of a boundary method. Furthermore, the mesh generation for the boundary
method is much easier than that for the domain method, because only the boundary is
divided into elements. This is a great advantage of the boundary method: this is very
important for three dimensional problem. An example of the boundary methods is a
charge density method (surface charge method). This method was developed in the
1960s [3.2] and was applied to some electrostatic lenses for electron optics [3.3]. The
charge density method was originally developed under the physical consideration that
the electric field can be specified by the surface charges on the electrodes. Now this
method can be assumed as a special case of a more general method i.e. the Boundary
Element Method (BEM) [3.4).

Since the electric potential or the electric field is calculated from the charges on
elements by using Coulomb’s law, the obtained potential or field exactly satisfy
Maxwell’s equations within round off error. Therefore even if the solution does not
exactly satisfy the specified boundary condition, the solution can be assumed as an
"exact solution" for a certain boundary condition. This is very important for calculations
of charged particle trajectories, because the calculated trajectories can also be assumed
as an "exact solution".
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3.2.2 THREE DIMENSIONAL PROBLEM

The procedure of the three dimensional charge density method used in "ELECTRA"
is described in this section. The brief description of the method is that first, the surface
of electrodes are divided into a finite number of triangle elements. Second, the surface
charge distributions of those elements are obtained under an approximation. Finally the
electric field is calculated from the obtained charge distributions by using Coulomb’s
law.

Suppose that the electrodes are divided into m elements E, (e=1 to m) with n nodes
P, (i=1 to n), and suppose that R, is the position vector and o; is the charge density of
the node P;, respectively. ( see Fig.3.3) Let us now discuss the expression of the charge
distribution o(R). Since o(R) cannot be expressed by an analytical form, we use an
approximation. Here we assume that o(R) is varied linearly in an individual element
(linear element), see Fig.3.4. This is not a necessary choice. For example we can assume
6(R) is constant (constant element). However, in this case, accuracy of the calculation
decreases, while complexity of the calculation decreases a little. Another possibility is
to use higher order approximation. But, in this case, the expression of the function
becomes very complex. Thus we use the linear element here.

Supposing that P;, P;, P, are the nodes of an element E,, we can express the charge
density distribution G(R) on the element as

G,(R) = f(R)G; + f(R)5; + fi(R)O, 3.1)

where the values of functions f;.(R), ije(R)v f,(R) vary linearly in E, and are zero if the
point R does not lie on surface of the element, see Fig.3.5. These functions can be
specified if their values are given at three nodes E, as

G;

o.(R) = fi.(R)o; + fi(R)o; + fi.(R)O
o; = O(Ry) = f(R)o; + f(Rjo; + fi(R)Oy
o, = 0.(Rp = [ (RYG; + f(Ro; + fi (RO (3.2)
Then the functions should satisfy the following equations.
f(R) =1 fjc(Ri) =0 fie(R) =0

f(R)=0 fMR)=1 FfRy=0

f(RY) =0 fRY=0 fiR)=1 (3.3)
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Fig. 3.3. Schematic drawing of the mesh on the surface.



A position on the element can be expressed by introducing two variables uj, u, as
R = R; + 122(1+u))(R;-R) + 1/A(1+u ) (1+u)(Ry-R)
(-I1<u<1,-1<u,<1) (3.4)

Using these variables, we can express f,,(R), fi.(R) and f, (R) as
f(R) = (1-u))/2
fi(R) = (1+u)(1-u,)/4
fie(R) = (14u)(14u,)/4 (3.5)

Define that f;,(R) = 0 if the element E, dose not include P;, then we