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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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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.
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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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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

40



‘14 uonisod o3 je poreooy

ST 1010919p SNOQUBI[NWIS Y "JJO QI8 SISUD] [BUOHIPPR || 910UyM ISLD

a3 ut jutod Zuisnooy a[qnop ayy st O uontsod oy, ‘(Q)su9y oroduioo

ue pue (ZAO'1qQ)sasus] srodnipenb omi :sosus| [ruonippe 23111 putu

(OTTXH-SIAL TO[) 11swonsads sseut Suisnoog a[qnop 9yl Jo SISISU0D 1]
'waysks eondo uor mau oyl Jo Answosd oy Jo Jummeip onewoyds 1°67 Sig

[V]

A

wi

-

0]
0]

sug|

41



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.
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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 can rewrite Eqn
3.1 as

0.(R) = X f(R)o, (3.6)

The charge distribution of all elements 6(R) can be then obtained as

f.

1e

(R) (3.7

HNE

m n
o(R) = X 6(R) = X o,
e=1 1=1 1
Now the expression of the charge distribution has been obtained. (This expression
was newly derived). The next step is to obtain a system of linear equations which gives
charge densities 6;. The electric potential V(R) at an arbitrary position is given from
Coulomb’s law as

o(R)
v = j |r-R| ds
n m f..(R)
:1=2 §=:J; Y (3.8)

where S, denotes the surface of the element E,. We put the dielectric constant
go=1/4n for simplicity. Substituting r; into Eqn.3.8 gives

0,3 | 22 S0, YAy = 3
R)=v, i=T e=1s, |R-RI =1 e = Y (3.9)
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where

7 j ch(R)
Ao = TR ™ (3.10)
11
A]_) = Z] Al_]c
e=

The relationship between the potential V, and the charge density o, is then expressed
by the following system of linear equations

(3.11)

L O R | -

When the shape of the elements and the potentials at the nodes are given, then we can
integrate Eqn.3.10 and can solve Eqn.3.11 for o,

In order to calculate A, we have to integrate a function over the triangle region.
The integration can be done using variables u;, u, defined by Eqn.3.4. Supposing here
that g(R) is an arbitrary function defined in the element E, which include the nodes P,

Pj, P, we have the following equation as

I:sjg(R) ds

11
= S /4 ! { (1+u)g{R(uu,)) du,du, (3.12)

where S, is the area of E_. Since usually it is very difficult to integrate this analytically,
a numerical method is used. We use, in ELECTRA, a Gauss integration formula for
integrating with respect to both u; and w,. The formula is

N N
1=~ 1/48, 2, bZ]wﬂwb(lﬂua)g(rab)
a=1 b=
where

(3.13)

o = R+ 1201+u )RR + 1/4(1+u3,)(L+uy )RR )

and where u,,,u,, are the abscissas and w,,w, are the weight factors of the N-point
Gauss integration formula, respectively. The values of those parameters are generated
by a method described in Ref.3.7.
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Figure 3.6 shows a distribution of the sampling points 1, for N = 10. It is shown that
the density of the sampling points near P; is higher than that of P; or Py. This difference
is caused by the definition of the variables wu,, u,.

When we calculate such values Ay, we have to be careful to use this formula,
because the integrand

{f,(R)/IR-R; | }ds (3.14)
has a singular point at R=R,. If we use the variables defined by Eqn 3.4, we can

neglect the effect of the singular point. In this case the integrand of A, is expressed
as

iie

f.(R) (Hu)fie(R(uyup)
IR.RI 0= |(1+u)(R;R) + 1/2(1+u,)(R-R)) |

du,du,

fio(R(uy,05))
= I(R]—Rl) + 1/2(]+u2)(Rk_RJ) | du]dll2

(3.15)

Since the vectors (Ri-Rj) and (Rk-Rj) are independent of each other, the denominators
of Eqn 3.15 never has the value of zero; thus the equation has no singular point.
However, if we use the same variables, we cannot neglect the affect of the singular
point R; of Ay, Therefore it is expected that the accuracy of the numerically calculated
value of Ay, is much higher than that of A;,.. This is clearly shown in Table 3.1, where
an example of the results of the numerical calculations of A;, and Ay, are given. Both
values, Ay, and Ay, must be identical in this case, because the element is an regular
triangle. Therefore the difference between Ay, and Ay, shown in Table 3.1. is only
caused by the definition of the variables (Eqn.3.4). Hence we can also calculate Ajje with
high accuracy by changing the definition of the variables. (This calculation method was
newly derived.)

Once the charge density ©; is obtained, the electric field at an arbitrary position E(r)
can be calculated by the following formula:

R
E(r) = | R SR)s -
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Table 3.1 Values of Ay, and A, calculated by the Gauss integration formula.

=
O WO OO0 =3 N N =N

11
12
13
14
15
16
117
18
19
20
21
22
23
24
25 .
26
21
28
29
30

.474341649025257
.475797480326466
.475707690488951
.475713426894629
.475713052157209
.475713077008890
.475713075342710
L4T5713075455341
.475713075447682
.475713075448207
L475713075448171
.475713075448173
L475713075448173
.475713075448172
.475713075448173
.475713075448173
.475713075448173
.475713075448172
.475713075448174
.475713075448174
.475713075448173
.475713075448174
.475713075448173
.4757130754481172
.475713075448173
L475713075448174
L475713075448174
.475713075448172
L475713075448174
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Jje

.373333203740171
.425272694431533
.445655879814213
©455754173655190
.461491310391398
.465063626790946
.467439142233652
.469099037337788
.470304665235698
.471208005586244
.471902363206605
.472447610174208
.472883603788097
.473237714387211
.473529244139603
L4737121227170582
.473976607712658
.474150387895313
.474299318871473
L474427923615532
.474539740651761
.474637870490820
L4T47236529674171
.474799796771868
L474867475358529
.474927898851450
.474982068574925
.475030818848234
.475074849334368



3.2.3 TWO DIMENSIONAL PROBLEM

The principle of the two dimensional problem is almost the same as that of the three
dimensional problem. We assume here that the potential V(x,y) is anti-symmetry with
X-axis

V(x,y)= -V(x,-y) (3.17)

In this case the charge distribution is also anti-symmetry with x-axis. Thus, if the line
charge density (charge per unit length) at the point (X,)Y) is A then the line charge
density at (X,-Y) must be -A. The contribution of the charge density A at (X,Y) to the
potential at (x,y) is then expressed as

V(xy) = M2 {log((x-X)? + (y-Y)*)-log ((x-X)* + (y+Y)?)]
= A F(x,y,X,Y) (3.18)
where the contribution of the charge density at (X,-Y) is included. We put here the

dielectric constant £y=1/2n for simplicity. A function F(x,y,X,Y) is also defined here.
In this expression, x—axis is the earth potential and the boundary condition

VEY) =0 ( YE-XPHy-Y)? = o) (3.19)

is satisfied.

The construction of the system of linear algebraic equations is similar to that of
the three dimensional problem. In the two dimensional problem, the surfaces of
electrodes is divided into m elements of linear strings E, (e=l to m) with n nodes
Pi(i=1 to n), see Fig.3.7. Supposing that o; are charge density (charge per unit area) at
nodes P; and suppose that the charge density is assumed to vary linearly on each
element (see Fig. 3.8). Then the charge density distribution on an element E, including
P; and P; can be expressed as

O, = fi(x,y) 6; + fi(x,y) ©; (3.20)
The functions fi,(x,y) and f(x,y) can be specified from the definition of c; and oj

Il

G;j

O(X;Y)= 1, (X;Y)o; + fi(X,,Y) o, (3.21)
where (X,,Y;) and (X;.Y;) are the coordinates of P, and P; respectively. For example
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Fig. 3.7. Schematic drawing of two dimensional mesh.
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fi(x,y) and f,(x,y) can be expressed as

fie(x(u),y(w)} = (1-w)/2 £ (xu),y(w) = (1+u)/2 (3.22)
where

x(u) = (1-w)X/2 + (1+u)X;/2

y(u) = (1-w)Y/2 + (1+u)Y,2 (3.23)

Similar to Eqn. 3.7, the charge distribution on all elements is expressed (see Fig. 3.8)
as

n m
o(X,Y) = X o, 2, f.(X.Y) (3.24)
=1 e=1

(This expression was newly derived). If the charge distribution is obtained, the potential
is given by using Eqn.3.18; v(x,y) = | F(x,y.X,Y)dA = | F(x,y.X,Y)ods.
If the potential value V; at the node P, is given then we have

V; = V(X,.Y)

j 1
n
:.Z Ay
J=1
(3.25)
where
Ajje = j f (X YIF(X;, Y, X,Y) ds (3.26)
Su
m
Ay = 2 Ajje
e=1

Using Eqn.3.25, we have a system of linear equations
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Fig. 3.8. Schematic drawings of (a) charge distribution o,
{(b) function f;.(u), (c) function fjc(u).
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n 3.27)
We can obtain the values of o; by solving above equation,
We use a Gauss integration formula for integrating Eqn.3.26.

N
Ay, =1, kZ Wi £ (XU, Y(up)} F(X,Y,.X(u,),Y(up)} (3.28)
=1

where

I =V (XiX)? + (YY)’

and where uy and w, are respectively the abscissas and weight factors for N point gauss
integration formula.

The integrand of Ay, has singular point at (X,Y;). In this case, we can calculate
this value analytically. The singularity appear in the first term of F(x,y,X,Y) as

[f(X,Y) log {(X;-X)? + (Y;-Y)?)ds

1[(1-u)/2 log{1/4 1.2 (14u)?}]du (3.29)

where u = -1 is the singular point. This integration can be done analytically, the result
s

1
‘_|.1[(1-u)/2 log {(1/4) 1.2(1+u)*}]du = 2log(l)-1 (3.30)
The electric field is also calculated from the charge densities as
E,(xy) = | (x-X)1/L.2 + /L Do(X,Y)ds
S

Ey(ey) = | {(G-V)/L.2 + +Y)/L2)0(X,Y)Jds

(3.31)
where

L2 = (x-X)* + (y-Y)?

L% = (x-X)? + (y+Y)?2
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3.2.4 AXIALLY SYMMETRIC THREE DIMENSIONAL PROBLEM

The axially symmetric three dimensional problem can be solved by a similar way to
the two dimensional problem. The notation of the nodes P; and the elements E, used in
this section are almost the same as that of the two dimensional problem (see section
3.3).

However the expression of the potential becomes much complex because a point
(R,Z) of cylindrical coordinates means a ring in the three dimensional space (see Fig.
3.9). The contribution of the charge Q on this ring to the potential value of a point
(r,z) is given as [3.1]

K(k)
V(I',Z) = {(I'+R)2+(Z-Z)2]”2 Q (332)
where
4R
_ 12
k= { G52 ) (3.33)

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

j’ﬂ'/z dG
Ky = % (icsine) ™

(3.34)

In above expression we put the dielectric constant €,= 1/2n? for simplicity.

Suppose that o, is charge density of a node P{(R;Z). We define here linear charge
density A;= 21R;G;. Then the charge distribution A(R,Z) on an element E, including P;
and P; is given as the similar form as Eqn.3.20

ARZ) = f(RZ) A + f(RZ) A (3.35)

where the functions fi(R,Z), fje(R,Z) are defined by Eqns.3.22, 3.23. The charge
distribution A(R,Z) in all elements is given in the similar form of Eqn 3.24 as

n m
AMR,Z) = 21 A 2 f(R,Z) (3.36)
i= e=1

(This expression is newly derived). If the potentials V; at the nodes P; are given, a
system of linear equations is given as

AnAp o Aml M Ve (3.37)
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Fig. 3.9. Schematic drawing of axially symmetric three dimensional problem.
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where

J fje(R,Z)K(k)ds o
Ao =3, (@R 22 (:38)
m
Aij = 2 Aije
e=1

We use here again a Gauss integration formula for calculating A, In similarly with
the two dimensional problem, A, has a singular point at (R,Z)=(r;,z;); at this point k=1,
while K(k) has the singularity at k=1. In order to calculate this element, we use the
double exponential formula[3.6] which was developed for calculate a value of a definite
integration where an integrand has singularities. Description of the formula is as
follows: Suppose that g(x) is an arbitrary function and suppose

1
1= [ gmdx (3.39)
4

If we transform the parameter x into u by
x(u) = tanh(A sinh u), (A = 1/2)

The relation u and x is shown in Fig. 3.10; u=-co for x=-1 and u=+eo for x=1. The
integration is then expressed as

I= ] g{x(u)} A cosh(u)/cosh*{A sinh(u))dx (3.40)

5'3"—“3

Applying a trapezoidal integration formula to Eqn 3.40. we obtain the double exponential
formula as

I =h 2 wgx) (3.41)
{=-oc0
where
x, = tanh{a sinh(t-h))

w, = a cosh(t- h)/cosh*{a sinh(t- h)} (3.42)

and where h is the step of the integration. In this formula we have to sum the series
w,g(x,) from t=-co to t=+oo; this is a demerit of the double exponential formula. However
this can be removed because the weight factor w, decreases quickly as [t-h; is increases
(see Fig.3.11); for example w,= 2.8x10%" at t-h| = 3.5. Thus the contributions of the
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terms of t > 3.5/h can be neglected and we have the formula used in the program
ELECTRA

N
I =hY wg(x),h=35N (3.43)
t=-N

Table 3.2 shows the comparison of the double exponential and Gauss integration
formulas. It is clearly shown that the value obtained by the double exponential formula
has much smaller error than that of the value obtained by the Gauss integration formula.

The expression of the electric field is also complex compared with that of the two
dimensional problem. The expression is

{R%1r?+(z-Z)2 ) E(K)- {(1-R)%+(z-Z)? } K (k)

Bn2) = S R (222 P (R 2)7) MR,Z)ds
_ (z-Z)E(k)
Eq(r2) = ! ((T+R)*+(z-Z)*) 2 {(1-R)*+(z+Z)?) MR,Z)ds
(3.44)
where E(k) is the elliptic integral of the second kind.
E(k) = {)"’2 (1-k2sin20)'2 do (3.45)

In order to obtain the potential or the electric field, we have to calculate the values
of the complete elliptic integrals of the first and second kind. For this, the cord
ELECTRA uses approximation functions[3.7]:

K(k) = [ agraym+ ..+a,m,*] + [ bytbm;+ ... +b,;m,*]log(1/m,)

m; = 1-k
a, = 1.38629436112 by =.5
a; = .09666344256 b, = .12498593597
a, = .03590092383 b, = .06880248576
a; = .03742563713 b; = .03328355346
a, = 01451196212 b, = .00441787012 (3.46)

E(k) = [ 1+aym;+ _+a,m*] + [ 14+b;m+ ... +b,m,*log(1/m,)

a, = 44325141463 b, = .24998368310
a, = 06269691220 b, = 09200180037
a, = 04757383546 b, = .04069697526
a, = 01736506451 b, = 00526449639 (3.47)

The errors of both functions are less than 2x1078.
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Table 3.2 Values of A,,, calculated by the double exponential (DEF) and
the Gauss integration formulas where P;=(1,1) and P,=(1,2).

N DEF Gauss
4 .438473 .874649
8 . 9132175 .886299

12 .891366 . 8386756

16 . 880715 . 889542

20 .890704 . 889952

24 .890704 . 890178

28 .890705 . 890315

32 .890704 .830405

36 .890704 . 830467

40 .890704 . 890511

44 .890704 . 880544

48 .830705 .890570

52 .890704 .890589

56 .830704 .890605

60 .890705 .890618

64 .890704 .890628
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3.3 INTEGRATION OF THE EQUATIONS OF MOTION
The ray tracing is the process to integrate Lorentz’s equation of motion step by step.

d’r dr
m-7= e(E + — x B) (3.48)

dt
where t is time, m is the mass of a particle, r is the position vector, and E and B are
the electric and magnetic fields, respectively. Because this equation is a system of
ordinal differential equations, many types of numerical integration formula can be used
to integrate those equations [3.8].

The most famous and widely used method is a forth order Runge-Kutta method. This
method can start without any data except initial conditions, and therefore it can be
applied to many types of problems with high flexibility. Another well known method is
predictor-corrector method. Although the method has a merit that number of the
evaluation of the field is lower than that of the Runge-Kutta method, they have a
demerit that they need same previous data to calculate a new step; thus they cannot start
integration itself and have to use a special start routine. Furthermore when changing the
step size of the integration, a restart routine is necessary. Hence we employ the forth
order Runge-Kutta method in the program ELECTRA.

Detail of the calculation

For the simplicity of the calculation, we introduce a normalization to the calculation.
We introduce new independent parameter ’s’ instead of t;

t=a.s,a=Y mfe (3.49)

And also put e=1 then Eqn.3.48 can be rewritten as
d’r/ds’ = E + l/adr/ds x B (3.50)

In this case, the electric rigidity R, and the magnetic rigidity R, of an ion having
mass m and energy U = 1/2 m(dr/ds)* are given as

R, =2U

(5]

R, =V 2mU (3.51)

When we choose the unit of the electric potential as volt, then, unit of the kinetic
energy defined by U= 1/2m(dr/ds)? is ’electron volt’.

77



Runge-Kutta method

The procedure of the Runge-Kutta method was given elsewhere [3.8]. Thus only a brief
description is given here.

First order differential equations can be solved by the Runge-Kutta method; however
Eqn.3.48 is a system of second order differential equations. Therefore we rewrite this
to a system of first order differential equations as

dr/ds = v

dv/ds = E + 1/a vxB (3.52)

If we define a vector x(s) and a vector function f(x,s) as

x(s) = /)J f(x,s) = /vx j
y vy
z i VZ H
v, | [E + 1/a vxB],
3 [E + 1/a va]yf
+ 1/¢ i .
‘vz/ L[E 1/a va]ZJ (3.53)

Then we have a simple expression of the differential equations as
dx/ds = f(x,s) (3.54)

Suppose that h is the step size and that x, = x(s¢) is given. Then the next step x(sgth)
is calculated as

f, = £(xq,80) X=Xy + h/2 f;
f, = f(x,,5,+h/2) X,=Xy + h/2 f,
f, = f(x,,84+h/2) X;=Xy + h f;
f, = f(x;,80+h)
x(sgrh)=xg + (W6)(f; + 2, + 2f; + £,) (3.55)
The main term of the local discretization error of the step is proportional to h3, and the

total discretization error is proportional to h? [3.8]. Using this relation, we can estimate
the errors by varying the step size.
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3.4 ROUTINES OF "ELECTRA"

This section describes the SUBROUTINEs of ELECTRA. Type of the variable is
double precision real or integer.

Subroutines for Electric field calculation
1. Two dimensional problem

Three subroutines are prepared for the problem.
1.1 RED2(NO,M0)

This routine reads a data set through the logical unit 1 in order to specify the
boundary conditions. The data format is as follows:

(four blank lines )

L vi Xy v (110, F10.0, F10.0, F10.0)
I, v, X, ¥, (110, F10.0, F10.0, F10.0)
L v, x (110, F10.0, F10.0, F10.0)
I v, x, vy, (110, F10.0, F10.0, F10.0)

( two blank lines)

The shape of the electrodes is specified by the positions (x,y;) and the potentials are
given by v;. The integer I; is the number of elements interpolated between (x;,y;) and
(x;,;). Accordingly I; must be "0’ or blank. If a specification of an electrode finishes
at (x;.,,y;.1) and that of another electrode starts (x;y;) then I, is ’0’ or blank. An
example is given in Fig.3.12.

The output data of this routine are

NO : the number of nodes.
MO : the number of elements

1.2 SUBD2(NG, NO, M0)

This subroutine constructs a system of linear equations and solve it.  Therefore
this routine must be called after RED2.

The input data for this routine are

NG : the order of the gauss integration formula to be used. Usually
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from 2 to 10 is preferable.

NO : the number of nodes.

MO : the number of elements.
1.3 VED2(X,Y,NG,V.EX,EY)

This routine obtains the potential V and the electric field (EX,EY) at a point (X,Y)
by using the charge distribution obtained by SUB2D. After SUBD2 was executed, this
routine can be called whenever the values of potentials or electric fields are required.

The input data for this routine are

X,Y : coordinates of the position where the potential and the field are calculated

NG : the order of the Gauss integration. This value is not necessary to be the

same value in SUBD2.

The output data of this routine are

V : calculated electric potential

EX : x component of the calculated electric field

EY : y component of the calculated electric field

2. Axially symmetric three-dimensional problem

Three subroutines are prepared for the problem. The data format of the routines are
similar to that of the two dimensional problem.

2.1 REDAX(NO,M0)
This routine is similar to RED2(NO,M0). (Replace x to r and y to z)
2.2 SUBAX(NG,NO,M0)
This routine is similar to SUBD2.
2.3 VEAX(R,Z,NG,ER EZ)
This routine is similar to VED2(X,Y ,NG,EX,EY).
3. Three dimensional problem
For the three dimensional calculation, a routine for the mesh generation like RED2

is not prepared, therefore the user should prepare a mesh generation program for a
individual problem. The mesh should be specified by using following common blocks.
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/AXP/ PX(1000), PY(1000), PZ(1000)
/MEL/ MH1(1000), MH2(1000), MH3(1000)
/VQP/ VP(1000), QP(1000)

/NNM/ NO,MO

where

PX(1),PY(]),PZ(I) : coordinates of the I-th node
MHI1{J),MH2(J),MH3(J): node numbers consisting J-th element.
For example, if the J-th element consists of i-, j-, k-th
node, then MH1(J)=i, MH2(J)=j, MH3(J)=k.
VP(I): value of the potential applied to the I-th node
NO : the number of the nodes
MO : the number of the elements

3.2 SUBD3(NG,NO,MO0)

This subroutine constructs the system of linear equations and solve it. Therefore
this routine must be called after the data of the common blocks are prepared.

The input data for this routine are
NG : the points of the gauss integration formula to be used. Usually from 2 to 10
is preferable.
NO : the number of nodes.
MO : the number of elements.
3.3 VED3(X,Y,Z,NG,V,EX ,EY ,EZ)
This routine obtains the potential and the electric field.
Input data for this routine are
X, Y, Z: the components of the position of the point where the fields are
calculated
NG: the order of the gauss integration

Output data of this routine are

V: calculated potential
EX,EY,EZ: the components of the calculated electric field.

4. Routines for ray tracing
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Two subroutines were prepared for the ray tracing. The ray tracing routines are
independent of other routines of ELECTRA.

The electric field or magnetic field must be specified by using subroutines prepared
by the user. Further, a function NRANGE must be used for limiting the calculation
range of the space.

4.1 RK2D(XS,YS,AS,US,CS,D,XP,YP,N,NMAX)

This routine calculates ion trajectories in two dimensional space. If there is no
magnetic field, this ray tracing routine can also be applied to the axially symmetric three
dimensional problems.

Input data for this routine are

XS,YS : coordinates of the initial position of the ion.

AS: angle between direction of the initial motion and x axis (in radian).

US: initial kinetic energy (in electron volt).

CS: mass of the ion. This value can be calculated by using magnetic
rigidity (see Eqn.2.51)

D: step size of the integration in length.

NMAX: maximum number of integration step. Calculation will stop when the

step number reaches this value.

Output data of this routine

XP(I),YP(I): coordinates of the ion trajectory (I=1,2,...,N)
The dimension of these arrays must be NMAX.
N: number of computed steps.

Field specification

The following routines and a function must be prepared by the user to define the
fields.

SUBROUTINE EFILD2(X.Y,EX,EY)
SUBROUTINE BFILD2(X,Y ,BZ)
FUNCTION  NRANGE(X,Y)

where
X.Y: coordinates of the position where the potential and field are specified.
EX,EY : components of the electric field

BZ : z component of the magnetic field
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NRANGE : if the point (X,Y) is out of range, NRANGE = -1, otherwise
NRANGE =1

4.2 RK3D(XS,YS,ZS,PX,PY,PZ,AS,US,CS,D,XP,YP,ZP,N,NMAX)
This routine calculates ion trajectories in three dimensional space.
Input data for this routine are

XS8,YS,ZS : coordinates of the initial position
PX,PY,PZ : components of direction of the initial motion. Only the ratio is
meaningful.

US: initial kinetic energy.

CS: mass of the ion. This value can be calculated by using magnetic
rigidity (see Eqn. 2.51)

D: step size of the integration in length.

NMAX: maximum number of integration steps. Calculation will stop when the

step number reaches this value.

Output data of the routine

XP(1),YP(1),ZP(I): coordinates of the trajectory (I=1,2,..,N)
N: number of the computed steps

Field specification

The following routines and a function must be prepared by the user to define the
fields.

SUBROUTINE EFILD3(X,Y,Z,EX,EY,EZ)
SUBROUTINE BFILD3(X,Y,Z,BX,BY,BZ)
FUNCTION  NRANGE(X,Y,Z)

where

X, Y, Z: coordinates of the point

EX,EY,EZ : components of the electric field

BX,BY,BZ : z component of the magnetic field

NRANGE : if the point (X,Y,Z) is out of range, NRANGE = -1, otherwise
NRANGE =1
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(Cl) sample data for RED2

10. 2.0 9.0 ..., point a
3 10. 5.0 6.0
6 10. 11.0 6.0
-10. 2.0 3.0 ..., point d
6 -10. 5.0 3.0
3 -10. 8.0 3.0
2 -10. 11.0 3.0 ... point g
(b) y
10
- Qa
- —————e {0V
b C
5_..
— o0+ —o * & > .-10V
o d e f g
R TR N N AU T DRSS N NN RO _i
0 5 10

Fig. 3.12. Example and description of the data for RED2.
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4. EXAMPLES OF APPLICATION OF "ELECTRA" TO FRINGING FIELD
CALCULATIONS

4.1 FRINGING FIELDS OF QUADRUPOLE LENS
4.1.1 INTRODUCTION

An electrostatic quadrupole lens is recently utilized as an effective focusing element
for mass spectrometers. For example, a quadrupole doublet is applied to zoom the mass
range on the simultaneous detector [4.1.1]. It is important to know the ion optical effects
of a quadrupole lens to design such instruments. The transfer matrices of the main and
fringing fields of a quadrupole lens have been calculated up to third—order
[4.1.2],[4.1.3]. The matrix elements of the fringing field depend on the fringing field
distribution. Thus, in order to estimate those matrix elements, we must know the real
fringing field distribution in advance. It is impossible to obtain an analytical expression
of the fringing field and therefore either an experimental measurement or a numerical
calculation is indispensable. For a magnetic quadrupole lens, it is possible to measure
the fringing field distribution experimentally. The field distribution prepared in the
program TRIO was obtained by the method. For an electrostatic quadrupole lens, it is
very difficult to measure a fringing field distribution by an experimental method. Thus
the numerical calculation was necessary. For this purpose, we solved three dimensional
Laplace’s equation using the program ELECTRA described in chapter 3 and determined
the fringing field distribution.

4.1.2 DEFINITE INTEGRALS

Figure 4.1.1 shows the geometry and coordinate system to be studied. Four cylindrical
electrodes of radius a, and length L, are positioned at a distance 1, from the central
axis z. Two thin shield plates with aperture of radius (b) are positioned at distance (d)
from the electrodes, respectively. The origin of z axis is chosen on the ideal field
boundary, and (h) is the distance from the ideal field boundary to the electrodes. The
lens is shielded by a cylinder of radius 4ry. In the main region of an electrostatic
quadrupole lens of fourfold symmetry, the electric potential V(x,y,z) is independent of
z and is assumed to be

V(x,y,z) = ko2 (x*y?) + (sixth order term) + ... (4.1.1)

where k, is a field gradient constant. In the fringing region, the potential depends on z
as

V(x,y.2) = k@2 Zy) - K @/2406y) + . (412)

where k(z) is a function of z. Differentiating Eqn.4.1.2 gives a definition of k(z) as
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Fig. 4.1.1. Schematic drawing of an electrostatic quadrupole lens.
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k(z) = - 9*V(0,0,z)/9x> (4.1.3)

The position of the ideal field boundary z” is defined [4.1.3] as

* Zb
ko(z,-2) = i[a k(z)dz (4.1.4)
where z, is the position where k(z)=0 and z, is the position where k(z)=k,. We
choose the origin of the z axis so that z'=0. The definition of the definite integrals
which is necessary in the third-order matrix elements is as follows [4.1.3].

y, Z
I, = k! Zf’ ZI k(z)dzdz - 1/2z,?
Z Z
I, = k! Zf’ 21 [ k2)dz)dz - 1132’

Zy, z
I, = ko ZJ [ ZJ k(z)dz)’dz - 13z,

a a

I, = kg2  k(z)dz - z,
Za (4.1.5)

These integrals are defined so that the values are independent of z, and z,.
4.1.3 CALCULATION METHOD
Field calculation method

The field calculation can be performed by the program ELECTRA. The quadrupole
lens field studied here has the following symmetries and a anti-symmetry:

V(x,y,z) = V(-x,y,2)

V(x,y,2) = V(x,-y.2)

V(x,y,z-Zy) = V(X.y,-z+2)

V(x,y,z) = -V(y.x.,2) (4.1.6)

where z, is the z coordinate of the center point of the lens. The charge distribution
should have the same symmetries. Taking account of those four symmetries, we can
reduce the number of charges by a factor of (1/2)* and can also reduce the dimension
of the system of linear equations by a factor of (1/2)%.

In order to calculate the definite integrals I,,I,,I;,], in Eqn.4.1.5 we have to obtain
the function k(z) defined by Eqn 4.1.3. In ordinal method such as finite element method
the values of k(z) are obtained by numerically differentiating the potentials at each
mesh point. This differentiation is a major source of inaccuracy of the calculation. In
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the charge density method, however, k(z) can be obtained directly from the charges by
using following equation:

o(R)

az
k@)= ]300 R

(4.1.7)

where r=(x,y,z) and o(R) is the charge distribution on the lens electrodes.
Calculation of the definite integrals

In the previous section the procedure to obtain the values of k(z) for a finite number
of points is discussed, our next step is to calculate the definite integrals using the finite
values. In order to calculate the integrals we have to interpolate the calculated values
of k(z). A cubic spline function [4.1.6] is applied for the interpolation. The definition
of the spline function is as follows: Supposing that sampling points z; and data k;=k(z,)
(i=1,2,...,m) are given, then the spline function K(z) is expressed as

m-1
Kz) = 2 K(2) (4.1.8)
i=1

where K (z) is a third order polynomial defined as
K(z) = a; + b(z-z) + c(z-2)* + di(z-z)* (for z; < 2 < z,,,)
=0 (forz<zorz>z,,) (4.1.9)

The coefficients a;, b;, ¢;, d; are determined from the data set (k;,z,) so that K,(z) satisfy
the following equations

Ki(z) =k, (4.1.10)
Ki(z;,1) = Koy (4.1.11)
K'(z) = K’, (z) (4.1.12)
K'(z) = K", ,(z) (4.1.13)

Above conditions introduce 4(m-1)-2 relations among 4(m-1) coeficients, because Eqns.
4.1.12 and 4.1.13 are not defined at i=1. Two additional conditions are, therefore,
necessary to determine the parameters uniquely. We introduce following two conditions

K”](Zl) = 0
K'wi(z) =0 (4.1.14)

Once the coefficients of the function K (z) is determined, we can integrate K(z) easily,

because the function is expressed by simple polynomials.
By using the spline function technique the double integral I, is calculated as follows;
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First the values of k(z,) are calculated then we determine the spline function K(z)
interpolating those values. Second the values of the definite integrals H; (i=1,2,..,m) is
obtained by integrating the spline function K(z).

Z;
H, = ] K(z)d
=] K@y (4.1.15)
Another spline function H(z) interpolating the values of (z;,Hy is then determined.
Finally integrating H(z) gives the value of the definite integrals I, as

zm
I, :Zj] H(z)dz - 1/2z,} 4.1.16)

Other definite integrations 15,1, also can be calculated using spline function technique.
4.1.4 RESULTS AND CONCLUSION

A special routine which generates the mesh of a quadrupole lens for ELECTRA was
newly developed. An example of the generated mesh of 1/16 region of the lens i1s shown
in Fig 4.1.2. The number of the system of a linear equations is 219 and that of
elements of whole lens electrodes is 363x16. When the number of sampling points of
Gauss integration was 7x7 and the number of sampling points for field distribution was
200, typical computing time is 12 minutes with an IBM 3090-150E computer. Figure
4.1.3 shows the calculated fringing field distribution k(z) in the case of b=r, and d=r;.
The values of the definite integrals which are necessary to estimate the transfer matrices
for various lens structures are given in table 4.1.2 where the values of b and d are
varied from 0.251, to 1.25r and from 0.25t4 to 2.0rg, respectively.

The values of the definite integrals of a fringing field of quadrupole lenses were
calculated by ELECTRA. Until this study, those values were only obtained by
experimental methods, because the three dimensional calculations were very difficult.
In this study, we can demonstrate that the program ELECTRA can execute those three-
dimensional calculations.
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Fig. 4.1.2. Three dimensional mesh of 1/16 region of the quadrupole lens.
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Fig. 4.1.3. A calculated field distribution k(z) for b=d=r,.
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Table 4.1.1. Calculated values of definite integrals
for quadrupole lenses.

of fringing fields

b d h I, I, 1, 1,
025 025  -0.100 0.049 0005 0.017 -0.170
0.50 0073 0063 0.006 0.024 -0.196
075  0.199 0.085 0.006 0.033 -0.231
1.00 0286 0.110 0.005 0.044 -0.266
150 0390 0.162 -0.004 0.064 -0.321
200 0443 0.206 -0.022 0.080 -0.357
0.50 025  -0.072 0.057 0004 0.020 -0.186
0.50  0.091 0.070 0.005 0.026 -0.208
075 0209 0.089 0.006 0.034 -0.237
1.00 0292 0.113 0.005 0.045 -0.269
150 0393 0.162 -0.004 0.065 -0.321
200 0443 0203 -0019 0.080 -0.356
075 025 -0.028 0.069 0.004 0.024 -0.206
0.50  0.117 0.079 0.005 0.029 -0.223
075 0219 0.095 0.005 0.036 -0.245
1.00 0293 0.115 0.004 0.045 -0.271
1.50 0384 0.156 -0.002 0.063 -0.316
200 0433 0.191 -0013 0.076 -0.348
1.0 025  0.068 0089 0003 0031 -0.236
050  0.167 0097 0.003 0.035 -0.247
0.75 0253 0.110 0003 0.042 -0.264
1.00 0313 0127 0.002 0.049 -0.284
150 0393 0.163 -0.004 0.065 -0.323
200 0437 0.196 -0.015 0.078 -0.351
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4.2 HIGHER ORDER ABERRATIONS IN THE FRINGING FIELD OF
AN ELECTROSTATIC ANALYZER

4.2.1 INTRODUCTION

The fringing field of an electrostatic analyzer (ESA) strongly affects the image
aberration of a high resolution mass spectrometer. The ion optical effects of the fringing
field of an ESA were calculated by Wollnik [4.2.1] up to a second-order approximation
and by Matsuda [4.2.2] up to a third-order approximation. They calculated the ion
trajectories analytically by a successive approximation. All ion optical effects are
reduced to a matrix transformation at the ideal field boundary. The matrix elements are
represented by functions of the few fringing field integrals. The values of those integrals
were calculated for various electrode structures [4.2.3].

Complete calculations for the third-order ion optics including the influences of the
fringing fields of an ESA have made it possible to design a high performance mass
spectrometer. However, the effect of the aberrations higher than third-order were still
unknown. Therefore we calculated the effects of the fringing field of an ESA using
higher than third-order approximation. We studied the case where the structure of an
ESA was a parallel condenser and only the geometrical aberration in the radial plane
was estimated. It is, however, very complex to use the successive approximation method
for this purpose. Thus we calculated the ion trajectories through the fringing field by a
ray tracing method using the program ELECTRA and estimated the effects up to
seventh-order. Furthermore we found that one of the fifth-order matrix elements can be
estimated from a fringing field integral. Using those results, we simulated the peak
broadening of a mass spectrometer caused by the fifth-order effect.

4.2.2 COORDINATE SYSTEM AND GEOMETRY

The coordinate system (x,z) and the structure of the electrodes to be studied are
shown in Fig.4.2.1. The thickness of the shield plate is assumed to be small compared
with the slit width (2b) of the shield plate, the distance (2k) between the parallel
condenser electrodes and the spacing (d) between the shield plate and the condenser
electrodes.

Figure 4.2.2 shows the real field distribution E(z) and the ideal field distribution
along the z axis. The ideal field boundary z, is defined as [4.2.1](4.2.2]

Za Za

| E(z) dz = | E,dz = B (z, - 2p) (4.2.1)

Zy Zy
where E, = -V/k, z, is a point in the field free region, z, is a point in the homogeneous
part of the parallel condenser and V is the electric potential applied to the electrode. The
curvature radius R, of the main path at the ideal ficld boundary is given by
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R, = -2U, AeEy) (4.2.2)

where e and U, are the charge and the energy of the ion, respectively. Usually R, is
large compared with the distance k : in this paper R, = 100k.

4.2.3 ION TRAJECTORY AND MATRIX FORMATION

Figure 4.2.3 shows the real trajectory and the ideal trajectory [4.2.1][4.2.2]. The real
trajectory is deflected by the real field and the ideal trajectory is deflected by the ideal
field. The ideal trajectory has a break at the ideal field boundary so that it coincides
with the real trajectory both in the field free region and in the homogeneous part of the
condenser. The effect of the fringing field is reduced to a matrix transformation as
follows:

X, = (x10x; + (xlotane; + (x1xH)x,?
+(x Ixa)x, tana, + (xla?) tan’e, + ... (4.2.3)

tano, = (alx)x; + () tana, + (ol x?)x,?
+ (alxox; tanay, + (alo?) tan®o + ... (4.2.4)

where x, and o, are the displacement and the inclination angle from the optical axis
respectively at the entrance side of the ideal field boundary, x, and «, are at the exit
side and (x1x),(xl),... are the transfer matrix elements of the fringing field. Here we
study only the matrix elements related to x and o. If we know the real field distribution,
we can calculate those matrix elements up to third-order. For example (o.lx?) is given
by [4.2.2]

(@l x>)Ry? = -4/31, (4.2.5)
where

%
I = Ey2 | Ez) dz
7‘&
It is possible to approximate thc predominant effect of the fringing field to a thin
lens, because the range of the fringing field is relatively narrow compared with that of
the homogeneous pert. In this approximation, the lens action A(tano) = tano,-tano; only

depends on x; and does not dependent on «;; thus we can put &, = 0 in this study.
Then Eqn.4.2.4 can be reduced to

tano, = (ol x)x; + (0lx3)x? + (@l xP)x 3+ (@lxhHx
Halx)x® + (alx9x,° + (alxT)x, (4.2.6)
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If a real trajectory is calculated by a ray tracing method, the ideal trajectory can be
expressed analytically from the calculated trajectory. Then the values of tana, are
obtained as a function of x, and the transfer matrix elements can be obtained by fitting
those values to Eqn.4.2.6.

4.2.4 NUMERICAL CALCULATION METHOD

For numerical calculation of the trajectories, the program ELECTRA described in
chapter 3 was adopted. Figure 4.2.4 shows an example of the calculated potential
distribution for b=d=k; where the surface of the electrodes was divided into 450 linear
elements in this calculation. It is shown that the potential distributes nonlinearly in the
fringing region; this causes higher order aberrations.

For integrating the equations of motion, a fourth-order Runge-Kutta method was
used. The integration was done from z, = -5k, where E,/E, < 10, to z, = 5k, where
(Ey- EQ/Ey < 10 The interval of each step of the integration was about 0.1k. The
initial condition x; was varied from -0.5k to 0.5k by 0.05k step.

The calculated value of tano, were fitted to a seventh-order polynomial of x, by using
a least squares method to obtain the values of the coefficients. Since the accuracy of
these values depends on the choice of the order of the polynomial, it is important to
determine the order. In general, the accuracy increases as the order of the polynomial
increases. However it is expected that those terms of Eqn.4.2.6 which are higher than
a certain order are smaller than the numerical inaccuracy of tano,. In this case the
highest accuracy is obtained when the polynomial of this order is used. In order to
determine this order, we used a difference table of tano,. For all cases in this study, the
sixth difference of tano, was approximately a liner function of x,, and the eighth
difference of tanc, was a random function of x;. This indicates that tana, can be well
approximated by a seventh order polynomial of x,. Thus we used a seventh-order
polynomial to obtain the matrix elements. We used, in addition, a ninth-order polynomial
to estimate the effects of the order of the polynomial.

In order to calculate the fringing field integral such as l5 included in Eqn.4.2.5, it
is required to integrate and differentiate the function E(z) numerically; for this, a spline
function technique [4.2.6] was used. To reduce the round error, all calculations in this
study were performed in double precision; this was essential to this study.

4.2.5 RESULTS AND DISCUSSION
Matrix elements

Figure 4.2.5 gives the values of |(alx)(k/2) (i = 3,4,5,7) for d/k = 0.5 to 2.0 where
b=k and Ro = 100k. The dimensionless value (ol x")(k/2)'| indicates the i, -order effect
for x; = + k/2. The sixth-order effect can be neglected, because it was smaller than the
calculation error. It can be seen that the fifth-order effect is most serious in the effects
higher than third-order effects and other effects are sufficiently smaller than the third-
order effect. The ratio |(otlx*)(k/2)°|: (ol x*)(k/2)*| increases with decreasing value of
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Fig.4.2.5. Higher order effects of the fringing field as a function of d/k, where b=k. The
broken line indicates resulted calculation error.
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d/k. This indicates that the fifth-order effect is important when the range of the fringing
field is narrower.

In order to estimate the reliability of the ray tracing method, the value of (oulx?)
calculated by this method was compared with those calculated from Eqn.4.2.5. The
disagreement between two methods is less than 0.4%. Accordingly we can estimate
that the calculated values of (alx®) have inaccuracies about 0.4% or less. In other
words, the values of |(a1x*)(k/2)*|, which are about 7106, have the error of 3x10°
or less . Furthermore it is expected that the values of | (ol x)(k/2)!| have the error of
around 3x10°8. The effects of the order of the polynomial which was used to obtain the
matrix elements were not larger than this expected error. This was estimated by using
a ninth-order polynomial in place of the seventh-order polynomial.

Fifth-order matrix element

On the analogy of Eqn.4.2.5, we found that the matrix element (alx%) is given by

(ol x*)R,2
where

clg (4.2.9)

-0.25 £ 0.01

o
It

Zy
I, = Eg2 | E'%2) dz

Z,

The constant ¢ is obtained by fitting the values of (a1x®) and Iy to Eqn.4.2.9 using
a least squares method (see Fig.4.2.6). The values of I and Iy for typical electrode
structures are given in table 4.2.1.

4.2.6 CONCLUSION

The program ELECTRA was adopted for precise calculations of the ion optical effects
of the fringing field of an ESA and the matrix elements up to seventh-order were
estimated. The third-order matrix elements obtained by the ray tracing method were in
good agreement with those obtained by the analytical calculation. It was found that a
fifth-order fringing field effect is most significant of the effects higher than third order.
The fifth-order matrix element is simply given by Eqn.4.2.9.
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Table 4.2.1

Values of integrals for the fringing fields of

electrostatic analyzers.

b/k d/k Iixk I xk
1.00 0.500 0.470 0.784
1.00 0.750 0.453 0.678
1.00 1.000 0.431 0.558
1.00 1.250 0.405 0.452
1.00 1.500 0.381 0.370
1.00 1.750 0.358 0.332
1.00 2.000 0.338 0.271
0.30% 0.485 0.724 3.266
0.72° 0.254 0.567 1.398
0.20° 0.508 0.769 4.658

a. b. ¢. These electrode structures are prepared

in the computer program TRIO (Ref.4.2.7).

105




4.3 INFLUENCE OF HIGHER ORDER EFFECTS AND IMPERFECT BOUNDARY
SHAPE OF MAGNET ON IMAGE ABERRATION

4.3.1 THE FIFTH-ORDER IMAGE ABERRATION IN THE FRINGING FIELD OF
AN ELECTROSTATIC ANALYZER

The fifth-order matrix element (o.1x>) of the fringing field of an electrostatic analyzer
(ESA) is obtained in the previous section 4.2; let us now estimate the image aberration
of our prototype mass spectrometer constructed at our research laboratory whose ion
optical system is similar to a grand scale mass spectrometer at Osaka University [4.3.1].
The displacement x at the collector slit of a mass spectrometer is expressed as

x=A, Xo + Ag tanag + Ay, tan’0ly + Agg, tan’tp + ... (4.3.1)

where x, and 0, are the displacement and inclination angle at the source slit,
respectively and A,, Ay, Agy.....are the overall aberration coefficients. In general we
have to use fifth order matrices to calculate the fifth-order aberration coefficients, but
it is very difficult to obtain the fifth order matrices. We can, however, use a convenient
approximation using first order matrices to estimate fifth order aberration. Three first-
order transfer matrices are introduced in this estimation, i.e. the transfer matrix [C]
representing the ion optical effect before the fringing field, [F] the fringing field and
[B] after the fringing field. The overall transfer matrix [A] of a mass spectrometer is
then obtained by the matrix multiplication [A]=[B][F][C]. In a first-order approximation,
the displacement x, and the inclination angle «:; at the entrance side of the boundary of
the fringing field are given by

X, = (o, la, | |x (4.3.2)
tano, (alx), (ola)| {tancy
where (x1x),,.... are the matrix elements of [C]. Similarly, x, and o, at the exit side of

the boundary of the fringing field and x; and o at the collector slit are expressed to
the first-order approximation as

%2 W = I ey | | %, ) (4.3.3)

ji\tanazj (ol x); (alu)fwi 'eLtan(xl_

%, s, oy | %, \i (4.3.4)

Ltana?j l(oclx)b (ol o)y i-tanazj

where (xlx)f,.... are the matrix element of [F] and (x\x)h .... are the matrix element of

[B]. In the following discussion, we introduce the fifth-order matrix element (oclxs)f of
[F]. Then, using the definition of the matrix formation, we can express the inclination
tano,’ at the exit side of the boundary of the fringing field including (ol %), as
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tano,’= (ol x); x; +(olo); taney, +alx%), x,° (4.3.5)
= tana, +(alx®); x;°

where we use Eqn.4.3.3. By using Eqn.4.3.2, the fifth-order term is expressed as
(olx?) x,% = (ol (xlo)> tan’ay (4.3.6)
where we neglect the displacement x,, because usually x, is negligibly small.

Substituting tana,’ into Eqn.4.3.4 in place of tanc, and using Eqns.4.3.5, 4.3.6, we
obtain the displacement x,” at the collector slit including the fifth-order aberration as

Xy'= (xIx), X, +(x|ot), tano, +(xlow), (ol + (xle).® tan’oy,
= X3+ Aggoon tAN0 (4.3.7)

where
Agoone = (X100, (@lx3), (x1o)>

and where A, .., is the fifth-order aberration coefticient caused by the matrix element
(ol x®);, which can be given by Eqn.4.2.9.

4.3.2 THE IMAGE ABERRATION CAUSED BY THE IMPERFECT BOUNDARY
SHAPE OF A SECTOR MAGNETIC

Shape of the boundary

In the ion optical calculation by TRIO [4.3.1], the shape of the boundary of the
magnet is assumed to be a circle having the radius p, and is expressed as

p(8) = pg (4.3.8)

where p(6) and © are defined in Fig.4.3. In the practical magnet, the shape cannot be
exactly expressed by Eqn.4.3.8, because the magnet pole piece has a finite size and
thus Eqn.4.3.8 is not exactly fulfilled near the edge of the pole piece. In this case, p(6)
should depend on 0 and can be expressed by the power series expansion as

P(B) = po + P18 + P07+ py0° + p 0% + ps0° + pB® +... (43.9)

where py,p;,p5,... are coefficients. Higher order aberration in an ion optical system
must arise from the higher order effect of the Eqn.4.3.9. Ideally, it should be possible
to determine the constants using either an experimental measurement or a numerical
calculation. Since these determination are almost impossible in actual case, we assume
the boundary shape by polynomial as given in Eqn.4.3.9.
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Fig. 4.3.1. Schematic drawing of a sector magnet and the ion calculated ion trajectries.

108



Ion trajectory calculation

The 1on trajectories through a magnet were calculated by the program ELECTRA.
The boundary of a magnet was given analytically by using Eqn.4.3.9. Figure 4.3.1
shows an example of the calculated ion trajectories. The ion optical effect was estimated
as follows:

1) The ion trajectories leave from the position P, with arbitrary inclination angle o were
calculated.

2) The displacement (aberration) x(0t,p,,P,.03.P4.Ps.P¢) Of the ion from the optical axis
at the focusing point P, was obtained from the calculated trajectories as a function
of o, P1,Pgsee P

3) The aberration caused by the imperfect boundary shape AX(0LP1,P2,P3.P4,P5:Ps) WaS
estimated by the following expression

AX(CLP 1,P2:P3:P4sP5:Pe) = X(CLP1,P2P1.04:P5P6) - X(2,0,0,0,0,0,0) (4.3.10)

Image aberration of an ion optical system

We can now estimate the effect in a single magnet having imperfect boundary, the
next step is to estimate the image aberration of a whole system. Suppose a system
consisting a magnet and other ion optical components and characterize it by transfer
matrices [A] and [B], where [A] is related to the region from the source slit to the
position P; and [B] is related to the region from the position P, to the collector slit.
In this case, the relationship between the inclination angle 0y at the source slit and o,
at Py is expressed in the first order approximation as

o, = (aloy, o (4.3.11)

where (ocla)A is a matrix element of [A]. The displacement Ax, at P, caused by the
effect of the imperfect boundary is obtained from Eqns.4.3.10 and 4.3.11 as

Axy = Ax{(ol @)z 00,p1P2P3,P4.05.06) (43.12)

This displacement is magnified by the matrix [B] then we obtain the displacement
(aberration) at the collector slit as

Ax= (x1x)g Ax[(Ol|Oﬂ)Aao,Pl,szpmpmpﬁ,p()] (4.3.13)
where (x|x)p is a matrix elements of [B].

4.3.3 IMAGE ABERRATION OF A HIGH TRANSMISSION MASS
SPECTROMETER

The relationship between the displacement (aberration) X. at the collector slit and the
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inclination angle oy at the source slit was obtained experimentally using the prototype
mass spectrometer employing a QQBQE geometry [4.3.2]. The aberration coefficients of
the instrument calculated up to third-order by TRIO is sufficiently small. However, for
widely spread beam, the observed aberration was larger than the expectation. The
difference between the third-order calculation and the experimental result is discussed.

Effect of the fifth-order aberration

Figure 4.3.2 shows the experimental and the calculated results of the relationship
between the displacement Ax, and the inclination angle o, where two kind of calculated
values are shown: (a) Result from the third-order calculation by TRIO; (b) Result
including the fifth order effect of fringing fields of ESA discussed in section 4.2 and
the definite integrals for the quadrupole lenses discussed in section 4.1. It is shown that
both calculations cannot explain the experimental result of large Ax.. In this case, the
fifth order effect of the ESA or the fringing field integrals of the quadrupole lenses are
not major source of the large aberration.

Boundary shape of the magnet

Figure 4.3.3 shows the effect of the imperfect boundary shape of the magnet together
with the experimental data. The parameters Py, Po,....ps Was determined so as to fit the
experimental data. The calculated deviation can well explain the experimental data.
Accordingly we can conclude that the large aberration observed for the case of very
widely spread beam is probably caused by the imperfect boundary shape of the magnet.

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

[4.3.2] H. Matsuda, T. Matsuo, Y. Fujita,T. Sakurai and 1. Katakuse, Int .J. Mass
Spectrom. and lon Proc., 91 (1989) 1.
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Fig. 4.3.2. Relationship between the inclination angle o, and the displacement Ax:
(a) calculated by TRIO, (b) including fifth order aberration in the ESA and

calculated fringing field distributions of quadrupole lenses,(c) experimental
result.
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Fig. 4.3.3. Relationship between the inclination angle o, and the displacement Ax, caused
by imperfect boundary shape of the magnet. The experimental data (e) are

also shown.
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5. COMBINATION OF ’ELECTRA’ AND 'MSPLEX’
5.1 DESIGN OF AN NMR MAGNET
5.1.1 INTRODUCTION

The magnetic field B obtained by an unsaturated pole piece can be expressed by a
scalar magnetic potential V, as

B=VV_ (5.1)

The scalar potential can be calculated by the program ELECTRA discussed in chapter
3. As an example of this type of calculations, the design of a shape of a magnet pole
piece for an NMR spectrometer is described here. For a magnet of an NMR
spectrometer, the homogeneity of the magnetic field in the region where sample material
is located is very important. In the case of a wide gap magnet, the shape of the pole
piece have to be well designed because the homogeneity depends on the shape of the
pole piece. To find the optimum shape is, however, a tedious and time consuming
process. In order to determine the optimum shape of the pole piece, the program
MSPLEX was combined to ELECTRA. This combination of the field calculation program
and the optimization program is very powerful. The charge density method is very
suitable for this calculation, because the mesh generation of this method is quite simple.

5.1.2 CALCULATION METHOD

Let us design, as an example, a electromagnet with 10 cm gap width and 12.5 cm
diameter pole piece (see Fig 5.1a). It is required that the homogeneity of the magnetic
field in the region of the center of the magnet of 2.5 c¢cm cubic is very high. The
homogeneity m is defined

12 12
n=1/12 X [{B@) - B}2 /B2, B=1/12 2, B, (5.2)
i=1

i=1
r;=0.1i (cm) ,i=1.2,.,12

When the pole piece is an ordinal flat shape, the calculated value of homogeneity is
only 2.6x107. The homogeneity M depends on the positions (R,,z,) of the surface of the
pole piece. For simplicity, the six points of the surface of the pole piece are varied and
the r coordinate of these points are fixed: R,=1.0, R,=2.0, Ry;=3.0, R;=4.0, Ry=5.0,
R¢=6.25. Then what we have to do is to find the positions z, that minimize the function
N(Z23,..-,2). The values of this function are minimized by using ELECTRA and
MSPLEX.

The calculation procedure is as follows: (1) The parameters Z, 1S given from
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MSPLEX; (2) ELECTRA calculate the magnetic ficlds under the given parameter and
then the homogeneity 1 is evaluated; (3) By varying the parameters z, on the basis fo
the simplex method, the parameters approach the optimum values.

5.1.3 RESULTS AND DISCUSSION

Figures 5.1a,b shows the initial and the final shapes of the pole piece. The
homogeneity of each search step are shown in Fig.5.2. The final homogeneity was
1.6x107>; the homogeneity is 160 times improved by 100 iterations. The computation
time for the calculation was about 20 minutes with an HP 9000-370 computer
(Engineering Work Station).

In this study, the automatic design of the shapes of the boundaries becomes possible.
This will be helpful for design or improve wide gap magnets.
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Fig. 5.2. Calculated homogeneity vs number of iterations.
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5.2 RETARDATION LENS FOR HYBRID MASS SPECTROMETER
5.2.1 INTRODUCTION

In recent years tandem mass spectrometry has been developed rapidly as a powerful
tool for analysis of organic and inorganic compounds [5.1]. The principle of this method
is that first a parent ion is selected by first mass analyzer(MS1), second it is dissociated
to daughter ions and finally the daughter ion mass spectrum is recorded by second mass
analyzer(MS2). Many types of instruments have been proposed and constructed: for
example four sector instruments consisting of two double focusing mass analyzers
discussed in Chapter 2.4., multi-quadrupole instruments [5.2] and hybrid instruments
consisting of a double focusing mass analyzer as MS1 and quadrupole mass filter as
MS2 [5.3]. In the last system, special considerations are required for the ‘matching’ of
ion beam profile between two mass analyzers. In case of the hybrid instrument, the
main difficulty of the 'matching’ arises from the large kinetic energy difference in
between MS1 and MS2. The kinetic energy of ions in a sector type mass analyzer is
in the order of keV; on the other hand, that in a quadrupole mass filter is around 10 eV.
In this case, therefore, a retardation lens between MS1 and MS2 is absolutely necessary.

A direct simulation of ion trajectories using a ray tracing method was introduced to
design such lens system. We demonstrate here the ability of the program ELECTRA
combined with the program MSPLEX for designing such retardation lens.

5.2.2 THEORETICAL DESCRIPTION OF THE PROBLEM

Figure 5.3 shows a schematic block diagram of the hybrid mass analyzer consisting
of a sector mass analyzer and a quadrupole mass filter. The retardation lens is located
between the sector mass analyzer(MS1) and the quadrupole mass filter (MS2).

Let us discuss the determination of lens potentials V;, V,, V, of an axially
symmetric lens system consisting of three lens plates shown in Fig. 5.4. In the design
of the lens system, we have to determine lens geometry and lens potentials. Ideally we
can search for both optimum lens geometry and applied potentials; however, we focus
here the discussion on the determination of the applied lens potentials for a given lens
structure.

Figure 5.3 also shows the diagram of the potential among the optical axis. MS1 is
usually kept in the earth potential, while the potential of MS2 is 99.7% of the source
potential V,. Therefore the kinetic energy of the ion has to decrease by a factor of
3/1000.

Ton optical consideration of *figure of merit’
In order to determine the optimum lens potential, we have to define the figure of
merit of the system; let us discuss this here. Let Pi(x;,a;)) is an ion optical position

vector at the entrance of the lens system and P (x,,&t,) is that at the exit. The
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relationship between these two vectors can be expressed by a first order transfer matrix
as

X;i_;((x|x) (xlocﬂ X;
aoi"i(alx) (ocloc)I o (5.3)

The determinant of the matrix is given [5.2.4] as

(x1x) (xlo)
|- (V- VIV V)

(olx) (olo (5.4)

When V, = V, , the value is unity; however in the case of the retardation lens system
discussed here, the value of the determinant of the matrix becomes 18.25. Therefore the
matrix elements tend to have large values ; this means that the beam tends to diverse.
In order to optimize the ion transmission through MS1 to MS2, the divergence of the
beam has to be minimized.

Suppose that the ion beams from MS1 have following conditions

Xy XS Xy

< 0 (5.6)
Then we can define a function F(V,,V,,V,) to be minimized as
F(V,,VaVy) = (1x1x)Ix, +lxlaylog Vixg + (Il x+lalaylo, Yo,  (5.7)

The first term of the function is the maximum beam size normalized by the maximum
acceptable beam size and the second term is the maximum inclination angle normalized
by the maximum acceptable inclination angle.

5.2.3 CALCULATION METHODS

In this study, F(V,,V,,V3) is calculated as follows: first, two trajectories of paraxial
trajectories are calculated by ELECTRA: second, the transfer matrix is obtained from
Eqn.5.3 using the results of the trajectory calculation: finally the function F(V,V,,V3)
is evaluated from the obtained matrix elements.

The potentials V,, V,, V, are optimized by the program MSPLEX. The calculation
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procedure is as follows: (1) the values of the potentials of the nodes on the lens
electrodes are given by MSPLEX: (2) then ELECTRA calculate the electric field and ion
trajectories. In this process, once the coefficients of the system of the linear equations
(see chapter 3) have been calculated, then they are stored and are unnecessary to
recalculate, because these coefficients do not change as far as the geometry of the lens
system dose not change:(3) the function F(V,,V,,V;) is evaluated from the calculated
trajectories.

5.2.4 RESULTS AND DISCUSSION
Step size

We have to check the influence of a step size in the trajectory calculation. The
relationship between the error E in the trajectory and the step size h of the integration
is estimated as

E « h* (5.8)

Accordingly we should check the accuracy of the ray tracing by changing the step size.
Figure 5.5 shows the influence of the step size on the calculated trajectories, where the
step size h is varied from 10mm to 4mm. It is clearly shown that the step size less than
6mm gives enough accuracy.

Determination of lens potential

We assume here the beam conditions from MS1 (x,,,0,,) and the acceptance of MS2
(x,,0) as

Xp = 1.0 mm o, = 0.01 rad

X = 1.0 mm o« = 0.1 rad
Figure 5.6. shows the ion trajectories in the case of before optimizing the lens potentials:
V=0.50V,, V,= 0.90V,, V5= 0.98V,. It is clearly shown that the ion beam widely

spreads at the entrance of the MS2. In this case the transfer matrix of the lens system
is calculated to

-3.05  -9%4.1
-0.01 -6.45

Figure 5.7 shows the ion trajectories after optimizing the lens potential:V, = 0.649V,,
V,= 0.847V,, V,= 0.950V,. For obtaining this condition, twenty steps were required in
the optimizing processes. The transfer matrix of the lens system becomes
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- ~
1123 -17.0
001 -146)

Compared with Fig. 5.6, the ion beam shown in Fig 5.7 is well focused at the entrance
of the MS2.

From the results in this section, we can conclude that the program ELECTRA is
very powerful for the design of lens systems where the applied lens potential and the
kinetic energy of the charged particle vary widely. It is also shown that the combination
of ELECTRA and MSPLEX has an excellent ability for automatic design of ion optical
systems.
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Fig. 5.6. Ion trajectories before optimization.

Fig. 5.7. Ion trajectories after optimization.
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6. CONCLUSION
(1) The development of ion optics.

The method of calculation and optimization of ion trajectories in electric and
magnetic fields was investigated, especially for widely spread ion beam. Two computer
programs have been developed: One is the parameter search program MSPLEX based
on the simplex method. The other is the ray tracing program ELECTRA based on the
charge density method and the Runge-Kutta method.

(2) The design and construction of a high performance mass spectrometer and a tandem
mass spectrometer.

A new high performance mass spectrometer having large radius of magnet was
proposed and constructed. Though having large radius r,, = 0.72m, the magnet size is
acceptable by choosing the small deflection angle w_, =40° and the higher order
aberrations are satisfactory small. Mass resolution, mass range were examined by
experiments and turned out to be in good agreement with theoretical expectations. The
mass spectra of organic biopolymer such as bovine insulin were successfully obtained.

A tandem mass spectrometer consisting of two new mass spectrometers was proposed
and constructed. The quadrupole triplet interface was introduced to connect two mass
spectrometers efficiently. By selecting suitable electric potential of quadrupole, two types
of operation (1) MS/MS mode and (2) enhanced resolution mode could be executed. In
MS/MS operation, we could demonstrate the characterization of hemoglobin variant quite
easily.

An apparatus which can vary the mass dispersion on focal plane was proposed and
constructed in order to detect weak intensity ion beams having different masses
simultaneously.

(3) The application of the ray tracing program ELECTRA

The large image aberrations due to wide spread of ion beams were observed by
experiments. They could be well explained by the ray tracing calculations. The higher
order effects in the fringing ficlds of electrostatic analyzer and quadrupole lens were
estimated. It was impossible to treat such phenomena by an ordinary transfer matrix
method.

The methods of design of a wide gap magnet having high homogeneity and a
retardation lens system were investigated. These two systems will produce interest results
in the near future.
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APPENDIX

The relationship between sz(xl'y)A and 6,is obtained as follows: By using matrix
elements of [A], B, is given by[2.5.5]

tanB,= - (ol o) ((xIPalelo)s- Xl P (xlop)a-(oto)4-(xTe)a(l o))
(A-1)
Similar to Eqns 2.5.7,2.5.8 in chapter 2, we obtain

xIx)e xlo)el | xloyg  (x1Y)y xloyg (xlpg

(xla), (xIPa

(olay, (alyy (@lx)e (@loe| | (@lay (alyyg @la)y (alyg| (A-2)
Here we use the conservation of phase space volume:
| (xx)e  (loge | =1 (A-3)

(@lx)e (@lo)e

The values of the second order elements of [C] related to x, & and 7y such as (xlxx)C,

xlx)e ladye xlxpe, xlope &le @Ixx)e, (alxoclalam), (@lxy)c,
(ol oy, (alyy)c are zero[ 41. Thus we obtain

-~

¢ v 7 ‘]
(xlo), (xloy),! =] xIx)e  xlo)e (xla)g (xlow)B\]

'Ealoc)A @lop, !  |[@lx)e (alo)e | (ol oy (alow)BJ (A-4)
Aoos J L
and using Eqn(A-3) we obtain
xlasalay, - (xlopa@lo), = xloglaloy)s - xloapgala)g (A-5)

By using the focusing condition, (x|o), = 0, (ala), can be given as

(ol = ~((xl o))y - (xIPalala)y) 1 xI1Pa (A-6)

By substituting Eqns(A-2),(A-5) and (A-6) into Eqn(A-1) , the relationship between the
mass dispersion A, and 0, is given as

tan 8, = K / A, (A-7)
where
K = - {(x|y)gala)g- (x ool Pp Y/ {(x o) a)g- (xla)g(oloyp) (A-8)

The constant K only depends on the original double focusing system (from the source
slit to the exit of the magnetic sector).

126



ACKNOWLEDGEMENTS

The author would like to express his sincere appreciation to Professor Takekiyo
Matsuo of Osaka University, under whose guidance the work was conducted and
completed. He also wishes to express sincere gratitude to Professor Tadanori Minamisono
of Osaka University for encouragement and many useful suggestions and advice. He
expresses his thanks to Mr. Yoshihiro Kammei and the staff of MS group of JEOL Ltd.
Akishima Tokyo for their technical supports throughout this study. Many thanks are
also due to Associate Professor Itsuo Katakuse for his encouragement and the technical
suggestions of measuring cluster spectra, to Medical Dr. Yoshinao Wada of Osaka
Medical Center for Maternal and Child Health for the provision of hemoglobin variant
samples and the discussion concerning to biological problem, and to Dr. Toru Sakurai
for enlightening discussions of basic ion optics and proof reading of the original
manuscript. Acknowledgment is due to the staff of Matsuo laboratory for help with the
preparation of this thesis.

He would like to express his thanks and appreciation to Professor Klaus Biemann of
Massachusetts Institute of Technology for the provision of instrument time of a tandem
mass spectrometer and for kind guidance of the basic knowledge of peptide chemistry.
He is much indebted to Professor Hisashi Matsuda for guiding him into the field of
mass spectrometry.

127






