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Abstract

For space science, the analysis of the atmosphere and surface substances in planetary
explorations is of interest. In particular, measurements of the elemental composition and
the isotope ratio of surface substances provide basic information on the origin and evolution
of the planet. A future lunar surface exploration using a rover was planned, in which the
ice in the poles and isotope ratios of noble gases in the surface regolith and rocks will be
investigated. A miniature double-focusing mass spectrograph has been developed for the
lunar exploration.

The computer program TRIO 2.0 was developed for the design and evaluation of the ion
optical systems. Many useful functions are provided with GUIs in TRIO 2.0. The aberration
coefficients can be calculated up to third-order by the transfer matrix method. The following
properties can be simulated and visualized: ion trajectories, the image of the beam profile,
the beam envelope and the ion transmission, the TOF peak, and the energy and angular focal
planes.

A new ion optical system of the miniature double-focusing mass spectrograph was de-
signed by TRIO 2.0. The ion optical system was designed to satisfy the double-focusing
along a straight line being at a distance from the exit fringe of the magnetic sector to employ
a focal plane detector. In the design, the ion optical properties of the system, e.g., beam
profile, mass resolution, beam envelope, and transmission were evaluated by TRIO 2.0. The
constructed instrument is comprised of an El ion source, a spherical electrostatic sector, a
homogeneous magnetic sector and a focal plane detector using a CCD. A CCD driver system
and a data acquisition system was developed.

The ion optical properties and the quantitative performance of the newly constructed
instrument was evaluated. The mass resolution of 130 was achieved with the main slit width
of 0.25 mm, which is in good agreement with the simulation. The detectatieange was
estimated from a spectrum of the residual gases. The result was well consistent with the
theoretically calculated value. The energy and the angular focal planes were evaluated. In

the system, double-focusing was successfully achieved along a straight line. Furthermore,



the energy and angular focusing points were simulated to compare with the experimental
result. These results of the experiment and the simulation well agreed with each other. In
addition, the second-order element of the transfer métf#é) was measured experimentally
as—-0.47 = 0.03m. This measurement was in good agreement with the simulation by TRIO
2.0.

The quantitative performance of the instrument was evaluated. A dynamic range of the
simultaneous detection was achieved as 300 from the spectrum of neon. The gain distribution
of the employed focal plane detector was evaluated. The peak intensity of the isotope of
neon fluctuated about 28 This result shows that the gain distribution is inhomogeneous
in the focal plane detector. However, sufficient reproducibility and linearity of the gain was
achieved when the detecting position is fixed. The instrument could, therefore, provide a high

sensitivity and a good quantitative performance if the gain distribution would be calibrated.
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Chapter 1

Introduction

Since the first systematic investigation of positive rays was undertaken by Thomson with
his parabola mass spectrograph during 29920 [1.1], mass spectrometry has progres-
sively evolved. In the early days of the mass spectrometry, it was used for isotopic analysis.
Moreover, it has been applied to a broader research fields by developments of new ionization
techniques. Almost any materials can be analyzed with a suitable ionization technique and
a mass spectrometer. A mass spectrometric analysis provides identification of the materials
and the abundance of each. It is being applied in physics, chemistry, biology, pharmacol-
ogy, geology, environmental science, space science. In this thesis, the application of mass
spectrometry to space science is described.

For space science, the analysis of the atmosphere and surface substances in planetary
explorations is of interest. In particular, measurements of the elemental composition and
the isotope ratio of surface substances provide basic information on the origin and evolution
of the planet. Mass spectrometry is obviously the most suitable method for these purposes,
S0 mass spectrometers have often been employed in past and present space missions. For
example, two mass spectrometers were on board in the Viking mission in 1976: one was
a double focusing mass spectrometer using Mattauch-Herzog geometry for analysis of the
Martian atmosphere [1.2] and the other was a gas chromatograph (GC)-mass spectrometer
employing a double focusing analyzer using Nier-Johnson geometry for the measurement of
organic compounds in the surface soil [1.3]. Quadrupole mass spectrometers were also car-
ried on several space probes to analyze the atmosphere: the Pioneer Venus in 1979 [1.4], the
Galileo probe in 1989 [1.5], and the Cassini-Huygens in 1997 [1.6]. An instrument for space
explorations must feature reduced size, weight, and electric power consumption. Magnetic
sector, quadrupole or time-of-flight (TOF) mass spectrometers are generally employed for
space exploration. Quadrupole and TOF analyzers have good potential for weight reduction
because they consist of only electrodes. On the other hand, a magnetic sector analyzer is not

amenable to weight reduction due to its heavy magnet. Magnetic analyzers, however, provide



a large dynamic range. If the exploration target is near the Earth, e.g., lunar or Mars explo-
ration, the weight of the instrument is less crucial. In that case, a magnetic sector analyzer
may provide the advantage of good quantitative performance.

In a magnetic sector-type instrument, the following well known relationship is satisfied:

m r2B2

el v (1.1)
wherem is the mass of the iorz is the charger, is the radius of the circular trajector,is
the magnetic flux density, andis the accelerating voltage. Generally, magnetic sector-type
instruments are classified in two types by the method of the analysis for mass: one is called
as “mass specrograph” and the other is “mass spectrometer.” From equation 1.1, it can be
found that mass of the ion can be determined by three parameter8p&ndV. In mass
spectrograph, parametersB®fandV are fixed. lon beams spatially dispersed by their mass
are observed with a focal plane detector [1.7], e.g., a photographic plate, a micro-channel
plate (MCP) based detector, etc. On the other hand, in mass spectrometer, the parameter of
r is fixed. Mass of ions is successively varied by scanning the valleoofV, and ions are
detected by an ion detector with a collector slit which is set at a fixed position corresponding
the value ofr. For an ion detector, a Faraday cup, an electron multiplier, etc. are employed.

During mass spectra are obtained with a mass spectrometer, most of the ions cannot pass
through the collector slit and thus are not detected. If all the ions that pass through the
analyzer are detected simultaneously, the detection efficiency can be drastically improved.
Quantitative performance, furthermore, can also be improved by simultaneous detection be-
cause time-dependent fluctuations of the conditions of the ion source, power supplies, etc.,
can be eliminated. For these reasons, a mass spectrograph employing a focal plane detector
is suited in principle for trace and quantitative analyses.

As commonly known, first, photographic plates has been employed as a focal plane de-
tector in mass spectrographs until 1960s. A photographic plate, however, has numerous
drawbacks. The dynamic range is limited, on the order of118. It is also inherently
non-linear, which complicates quantitative analysis. Moreover, processing and analysis of
a photographic plate is troublesome and time-consuming. Instead, focal plane detectors us-

ing electrical devices have been developed since the 1970s. For example, Giffin et al. [1.8]



applied a focal plane detector comprising a microchannel plate (MCP), a phosphor screen,
a fiber-optic image dissector, and a vidicon camera system to a mass spectrograph with the
Mattauch-Herzog geometry [1.9]. Murphy and Mauersberger [1.10] developed an MCP de-
tector system that consists of an MCP, a phosphor layer on a fiber-optic bundle and a pho-
todiode array. They operated the detector in ion counting mode for a mass spectrograph.
Burgoyne et al. also employed an MCP with an active phosphor for a mass spectrograph
[1.11]. They detected the phosphor images using a 1.32-cm charge-coupled device (CCD).
Yurimoto et al. employed a stacked CMOS-type active pixel sensor for two-dimensional
isotope ratio imaging in secondary ion mass spectrometry [1.12]. Thus, several types of de-
vices have been used as focal plane detectors. An MCP is the most often used device as a
focal plane detector. An MCP can converted ions into electron clouds at the position ions
have arrived. Consequently, MCPs are generally, combined with a system, which can detect
these electrons and retain the spatial information. For this objective, two types of electron-
detecting systems are employed. One is a device which directly detects these electrons; a
multi-anode detector, a charge division detector, etc. The other is a photon detector with a
phosphor screen; a CCD or a photodiode array, etc. In this system, the electron clouds from
the MCP are firstly converted into light by the phosphor screen, then the light is detected by
these photon detector. In recent years, thanks to progress in semiconductor technology, large
CCDs with high spatial resolution have become available at comparatively low cost.

A future lunar surface exploration using a rover was planned as a subsequent mission
of SELENE [1.13]. In the mission, it was planned to characterize the ice in the poles and
measure isotope ratios of noble gases of the low mass range from He to Ar in the surface
regolith and rocks. For this objectives, an instrument which achieves a good quantitative per-
formance is required. As described above, a mass spectrograph, which provide the advantage
of good quantitative performance, would be available for space exploration near the Earth. A
miniature double-focusing mass spectrograph, therefore, has been developed as a prototype
model for a lunar exploration [1.14]. In this thesis, the investigation and the development of
a miniature double-focusing mass spectrograph for a lunar exploration are presented. The

outline of this thesis is as follows:



Chapter 2:

In the design of any mass spectrometer, the investigation of the ion optics is essential. The
computer program TRIO 2.0 equipping GUIs was developed for this purpose. It can calculate
the aberration coefficients up to third-order for an ion optical system including drift spaces,
electrostatic sectors, magnetic sectors, electric or magnetic quadrupole lenses, and multipole
lenses. The program has many useful functions to evaluate the ion optical properties of
a system. In TRIO 2.0, the following informations can be simulated and visualized: ion
trajectories, the image of the beam profile, the beam envelope and the ion transmission,
the TOF peak, and the energy and angular focal planes. The functions of the program are

presented.

Chapter 3:

A miniature double-focusing mass spectrograph was newly designed. The system em-
ployed a double-focusing mass spectrograph using a focal plane detector to achieve a good
guantitative performance. Several ion optical properties of the system was evaluated by sim-

ulations with TRIO 2.0. The features of the designed ion optical system is described in detail.

Chapter 4:

The designed ion optical system was constructed. The constructed instrument is equipped
with an El ion source, a spherical electrostatic sector, a homogeneous magnetic sector and a
focal plane detector using a CCD whose size is about 5 cm. A CCD driver system and a data

acquisition system was developed. Each part of the instrument are explained.

Chapter 5:

The performance of the newly constructed instrument was investigated. The 2D and 1D
spectra of the residual gases, krypton and neon were observed. The energy and the angu-
lar focal planes were evaluated both experimentally and by simulation. The second-order
element of the transfer matrix was measured experimentally. The mass resolution and de-

tectablem/z range of the constructed instrument were evaluated. Moreover, the quantitative



performance was investigated. The results of the evaluations are reported.
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Chapter 2

Computer program “TRIO 2.0” for the design of ion
optical systems

2.1 Introduction

For the design of any mass spectrometer, the investigation of the ion optics is essential.
In magnetic sector type instruments and time-of-flight (TOF) mass spectrometers, the spatial
or time aberrations have directly influence on the performance of the ion optical system.
The aberration theory for the mass spectrograph or mass spectrometer, therefore, has been
investigated since late 1910s.

Aston constructed his first mass spectrograph which satisfies the energy focusing in 1919
[2.1]. Dempster designed the filsBO* mass spectrograph which achieves the angular focus-
ing in 1918 [2.2]. For the magnetic sector type instrument, Mattauch and Herzog investigated
the first-order double-focusing ion optics in 1930s [2.3]. The second-order calculation of an
ion trajectory was given in late 1950s by Hintenberger [2.4] and by Ewald [2.5]. To calculate
the aberration coefficients of an ion optical system, transfer matrix method was introduced
by Penner in 1961 [2.6]. The effect of the fringing field on the focusing properties of the
magnetic sector was first investigated by Enge [2.7]. Wollnik and Ewald discussed it in the
second-order [2.8]. Matsuda and Wollnik calculated it in the third-order [2.9]. Matsuo cal-
culated the third-order aberration coefficients of the magnetic sector field [2.10] and electric
sector field [2.11]. For the TOF mass spectrometer, two-stage acceleration and time-lag fo-
cusing methods were developed by Wiley and McLaren in 1955 to reduce the time aberration
depending on the ion’s initial energy deviation [2.12]. Mamyeinal give the solution to
achieve the energy focusing for the flight time by the ion mirror [2.13]. Poschenrieder pro-
posed the isochronous focusing and space focusing by electrostatic sectors. 8aklrai
calculated the time aberration coefficients for a toroidal electrostatic sector and an electro-
static quadrupole lens up to third-order considering the influence of the fringing fields.

In order to calculate these aberrations, the equation of motion for ions in the ion optical



system must be solved theoretically or numerically. The computational calculation plays an
important role for this purpose in recent years. There are two general methods to solve the
equation of motion, i.e., to calculate an ion trajectory: one is the transfer matrix method,
and the other is the ray tracing method. If the aberration coefficients for each part of the
ion optical system had already presented with an available form by the theoretical investiga-
tion, the transfer matrix method is simpler and faster method than the ray tracing. Several
computer programs employing the transfer matrix method had already developed. For ex-
ample, “TRIO” [2.14] and “GIOS” computer programs were developed by Magsaband

by Wollnik et al, respectively. The computer program TRIO can calculate the image aberra-
tion coefficients including the influence of the fringing fields up to third-order. A computer
program “BEIS” was developed to simulate the image shape and scanned peak shape at the
detecting position [2.15]. Sakurai and Matsuo developed “TRIO-TOF” computer program
to calculate the time aberration coefficients for an ion optical system consisting of electro-
static sectors and quadrupole lenses [2.16]. Toyoda and Matsuo developed “TRIO-DRAW”
computer program combining TRIO, TRIO-TOF and BEIS [2.17]. The computer program
TRIO-DRAW can calculate the spatial and time aberration coefficients using the transfer ma-
trix method and make the drawing of the ion trajectories as postscript files. The program was
written in FORTRAN and C languages.

Although TRIO-DRAW has several useful functions, it doesn’t have the graphical user
interface (GUI). Moreover, several languages of FORTRAN, C and Postscript are employed
in the program. Consequently, it would be troublesome and take times to expand or add
the functions in the program. Needless to say, a useful GUI give the more efficiency for
the design of ion optical systems, and the expandability of the program is necessary for the
future progress. Therefore, TRIO 2.0 computer program equipping GUIs was developed
as improved version of TRIO-DRAW. The computer program TRIO 2.0 has the following

features:

e TRIO 2.0 can calculate spatial and time aberration coefficients of an ion optical system
up to third-order both in the horizontal and vertical directions. An ion optical system

including the following elements can be calculated: cylindrical or toroidal electro-



static sectors, homogeneous or inhomogeneous magnetic sectors, quadrupole lenses

and multipole lenses.

e TRIO 2.0 has following functions:

Simulation and visualization of ion trajectories

Simulation and visualization of beam profiles

Simulation and visualization of the beam envelope and the transmission

Simulation and visualization of the TOF peak

Simulation and visualization of the energy and angular focal planes

All of these functions have GUIs. These simulation results are visualized with a print-

able form.

e TRIO 2.0 employs a modern object oriented language of Java. All the programs are
written in only Java. It brings us a high expandability, flexibility and maintainability of
the coding. Moreover, it has a high compatibility for platforms, e.g., Mac OS X, Linux

and Windows.

In this chapter, details of TRIO 2.0 are presented. First, the principle of the transfer

matrix method is described. Then, the functions of TRIO 2.0 are presented.

2.2 Transfer matrix method

In the transfer matrix method, the geometrical trajectory of an arbitrary particle is ex-
pressed by an ion optical position veci(x, «, y, 3, v, 6). Herex anda denote the positional
and angular deviations of the arbitrary trajectories in the horizontal directiony and3
denote the same ones in the vertical direction. They are defined with respect to the optic axis,
which is the trajectory of a reference ion of masgs chargey and energyo. The mass and

energy deviationsy andg, are defined as

m/e = (Mo/ep)(1+7), U/e=(Uo/eo)(1+9) (2.1)



Profile plane
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Figure 2.1: Coordinate system for the ion optical position vector

wherem, e, U are the mass, charge, and energy of an arbitrary ion. The coordinate system
for the ion optical position vector is shown in Figure 2.1.

The parameters of the ion optical position vector at an arbitrary profile plane could be
given with a form of the expansion into power series of the initial parameters at the initial
profile plane by solving the equation of motion. For example, the parametés ekpressed

as follows:

X = (XIX)%o + (Xa)ao + (Xy)y + (XI6)6
+(x|xx)x§ + (XIxa)Xoao + (X|IXy)Xoy + (XIX0)Xod + (Xlaa)a/(z) + (Xlay)aoy + (Xad)aopd
+(XyY)Y5 + (X¥B)YoBo + (XIBBYBG + (Xty»)y? + (Xy)ys + (X66)6°

+(third order terms) (2.2)

The parameters af, y andg are expressed as the same form. The parameterards are
generally conserved. In the first-order approximation, the relation between the position vector

P(x, a,Y,B,v,6) atan arbitrary profile plane and an initial position ved®g(xo, o, Yo, 80, ¥, 0)

10



is expressed as the following form of a matrix:

x| [(}x) (Xa) 0 0  (xy) (X6)|[*

al [@x) (ale) 0 0 (@) (ald)|fao

y 0 0 My e O 0 ||Yo 2.3)
B 0 0 @y BB 0 0 ||Bo

Y O 0 0 0 1 ofly

s o 0 0 0 o0 1

This matrix is called as transfer matrix, and the elements of the transfer matrix are called as
transfer coefficients or aberration coefficients. Some aberration coefficients are equal to zero
because of the symmetry of the field distribution relative to the median plane. Hereinafter,
each element of the transfer matrix, e.g., the element inx@nd in columny is denoted
as(xja). The transfer matrix shows the action of the field. Once the transfer matrix for each
field is given with the analytical form, the transfer matrix for the same type of the field can be
easily derived by assigning the physical parameters of the field from then on. Moreover, the
total transfer matrix of an ion optical system can be determined as the product of the matrices

of the individual components. That is, the total transfer mdfriz given as follows.
T=TpXThoa X+ xXTaxTy (2.4)

Here, T; shows the transfer matrix of tHéh component in the order which ions will pass
through.
In case of TOF mass spectrometers, the paranefehe path length deviation is intro-

duced to the ion optical parameters. The path length devihisodefined relative to the path

SVO S
|=f —dz—f dz (2.5)
oV 0

wherevp andv are the velocity of the reference and an arbitrary ion. A line elerdeig

length of the reference ion as:

along the optic axis. If an ion has a positive value of the path length deviation at an arbitrary
profile plane, it means that the ion has the longer flight path than the reference ion, i.e., the
ion will pass through the profile plane late from the reference ion, and vice versa. The flight

time deviationt is derived from the path length deviationtas |/vp. Then the time focusing

11



conditions of the system can be evaluated by the path length deviation. The transfer matrix

is then expanded as follows:

x| () (Ka) 0 0  (xy) (X5) 0]fxo

al |(@x) (ele) O 0 (aly) (ald) Offao

y 0 0O My ey O 0 Of|yo

B{=] 0 0 @y BB 0 0 Of|Bo (2.6)
y o o0 o0 o 1 o0 d|y

5 O 0 0 0 0 1 ¢

| (%) (o) O 0 () () 1){lo

The ion optical characteristics of the system could then be investigated by the total trans-
fer matrix. For example, the focusing conditions of the ion optical system will be discussed

about the corresponding aberration coefficients of the total transfer matrix.

2.3 Computer program TRIO 2.0

For the design and evaluation of ion optical systems, TRIO 2.0 computer program equip-
ping was developed. The program can calculate the aberration coefficients up to third-order
for an ion optical system including drift spaces, electrostatic sectors, magnetic sectors, elec-
tric or magnetic quadrupole lenses, and multipole lenses. In addition, it has several useful
functions to evaluate the ion optical system. lon trajectories, a profile of the ion beam, the
beam envelope and the transmission, and the TOF peak can be simulated and visualized in
TRIO 2.0. A screenshot running TRIO 2.0 is shown in Figure 2.2. Each functions are pre-

sented in the following subsections.

2.3.1 Main frame

For the design of an ion optical system, first, each component of the ion optical system
and its physical parameters, e.g., the length of a drift space, the mean radius and the deflection
angle of an electric or magnetic sector, the field strength of a quadrupole lens, etc, must be
determined. In TRIO 2.0, the selection of the ion optical component and the setting of its

physical parameters are easily carried out via the main frame. The calculated transfer matrix

12
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Figure 2.2: Screenshot of TRIO2.0

is shown in a window as a text date. A screenshot of the main frame and the output window
is shown in Figure 2.3(a). In the main frame, an ion optical component can be selected
from the pulldown menu. Then, its physical parameters are set through a dialog box. As an
example, the dialog box to set parameters for a electric sector is shown in Figure 2.3(b). The
physical parameters for each ion optical component are same as TRIO. The definition of the
parameters are presented in ref. [2.14]. In the pulldown menu, a menu of simplex supplies
a function for the parameter search by the simplex method. In many cases for designing an
ion optical system, it is required that the system will satisfy several focusing conditions. For
this purpose, arbitrary physical parameters of an ion optical components will be optimize
to fulfill the required focusing conditions by the parameter search function. The program
“MSPLEX” for the parameter search employing the simplex method was already developed
by Ishihara [2.18], and it was transported to TRIO 2.0. The parameters being optimized for
required focusing conditions can be chosen in the parameter setting dialog. The buttons in

the upper side of the main frame supply the each function to evaluate the ion optical system.
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Figure 2.3: Screen shot of the main frame of TRIO 2.0. (a) The main frame and the output
window, and (b) the pulldown menu of the main frame and a dialog box for setting physical

parameters of a electric sector
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2.3.2 Simulation and visualization of ion trajectories

lon trajectories in an ion optical system can be simulated and visualized. The modes for
the visualization of ion trajectories are same as TRIO-DRAW. When the “Trajectory” button
in the main frame is clicked, a window will appear for the simulation and the visualization
of ion trajectories. A screenshot of the window for ion trajectories is shown in Figure 2.4.
Initial point and direction should be set to draw ion trajectories. lon trajectories are visualized
in three display modes, i.e., top viewtdirection andy-direction for each initial condition
of Xo, o, Yo, Bo, ¥ andé with different colors. Top view mode shows a plane view of ion
trajectories. The display modes wfdirection andy-direction represent ion trajectories as
the optic axis will be drawn in a straight line. Although TRIO 2.0 can calculate the transfer
matrix up to third-order, ion trajectories are simulated in first-order because the first-order
focusing conditions are the most interesting features for a ion optical system. The third-
order calculation of ion trajectories is supplied at another function in TRIO 2.0. By the
visualization of ion trajectories, the focusing properties of a ion optical system can be clearly
realized. As a example, ion trajectories of QQHQC (quadrupole, quadrupole, homogeneous
magnetic sector, quadrupole, and cylindrical electric sector) type mass spectrometer called
as “GEMMY” [2.19] are shown in Figure 2.5. From the ion trajectories, it can be visually
found that the energy and angular focusing called as double focusing is fulfilled in the ion
optical system.

For a TOF mass spectrometer, the path length deviation can be calculated for each initial
condition. When the check box is checked in the window to set the parameters for ion
trajectories, the path length deviation mode is available. The path length deviation at an
arbitrary profile plane is expressed by the hue for each trajectory. An advanced and retarded
trajectories are colored red and blue, respectively. If the color of a trajectory is green at the
final profile plane, it indicates that the trajectory focusing in time. Here, an example of the
path length deviation mode is shown in Figure 2.6. The path length deviations in a TOF mass

spectrometer called as “MULTUM II” are simulated in Figure 2.6.
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Figure 2.4: Window for the simulation and visualization of ion trajectories

2.3.3 Simulation and visualization of the image of the beam profile

Although the image shape in ortkydirection was calculated by TRIO-DRAW, the diver-
gence of an ion beam Widirection and the image of beam profile are significant information
to estimate the beam acceptance and the required detector size. In TRIO 2.0, the image
of the beam profile can be simulated in third-order. When the “Beam profile” or the “Star
shape” button in the main frame is clicked, a window will appear for the simulation and the
visualization of the beam profile. The windows for the beam profile are shown in Figure 2.7.

Two types of initial beam shape can be simulated, i.e., a normal rectangular slit and a
star-shaped slit are supplied. In the case of the normal rectangular slit, the width and height
of main slit and those of the second slit, eagslit, the hole of a field shunt, etc. should be set.
The ion’s initial parameters ofy andyp are chosen so that the ion beam would pass through
the main slit uniformly. From the two slit sizes and the first drift length, the parametes of
andgp are generated by the random number in the range of appointed maximal value so as to
satisfy the beam acceptance at the second slit. In addition, the angle between the detecting
plane and the optic axis can be varied for a mass spectrograph. The simulated image of the
beam profile and the peak shape are shown in a window. The peak widdhvéey) and

the mass resolution are also calculated and shown in the window. Here, a simulation result
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Figure 2.5: lon trajectories in GEMMY. The display modes of (a) Top viewx{Hirection,

and (c)y-direction are shown.
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(a) lon Trajectories (Top View)
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Figure 2.6: lon trajectories in the path length deviation mode. lon trajectories in MULTUM

Il are simulated. (a) Top view and (Edirection are shown.
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Figure 2.7: Window for the simulation and visualization of the beam profile. The shape of

initial images can be chosen from (a) a rectangular slit and (b) a star shape.

of the CQH-type mass spectrometer [2.20] is shown in Figure 2.8.

From the simulation of the star-shaped slit, the deformation of the beam profile after
passing through the system can be clearly found. A simulated image of the star-shaped slit
in MULTUM II is shown in Figure 2.9. The size of the star-shaped slit is 1 mm. Since the
ion optical system of MULTUM Il satisfies the perfect focusing [2.21], the initial star-shaped
image is conserved after one cycle of the ion optical system. The final image is inverse in
bothx- andy-direction relative to the initial image because of the image magnification values

of (xx) = =1 and(yly) = -1.

2.3.4 Simulation and visualization of the beam envelope and the ion trans-

mission

For any mass analyzer, the sensitivity is an important property. Accordingly the ion trans-
mission or the beam acceptance should be evaluated in the design of the system. The program
BEIS and TRIO-DRAW could only visualize the rough beam envelope from a few ion trajec-
tories with each initial condition. In TRIO 2.0, the functions to visualize the beam envelope

and evaluate the ion transmission are significantly improved and newly added. When the

19



Initial profile Final profile

6.67

3.33

Y (mén)
o
o

-3.33

-6.67
2027 0413 000 043 027 2027 043 000 013 027
X (mm) X (mm)
>
=
(/2]
c
Q
g
£
027 043 000 013 027 027 043 000 013 027
X (mm) X (mm)
Peak width (mm, 10% valley) 0.11
Mass resolution (10% valley) 7014

Figure 2.8: Image of the beam profile and the peak shape of CQH-type mass spectrometer
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Figure 2.9: A simulated image of the star-shaped slitin MULTUM I

“Envelop” button in the main frame is clicked, a window to set the parameters will appear
for these functions.

The program TRIO 2.0 can calculate ion trajectories for many particles with each initial
condition generated by the random number in third-order. In addition, the collision with
each ion optical component are judged for each ion trajectory every determined steps. For
example, the collision when an ion is passing through an electric sector is judged as follows:
if the deviationx of the ion trajectory would become larger than the half gap width of the
electric sector, it was judged that the ion would collide with the electric sector. The ion
transmission is defined as the ratio of the number of the ions passing through the whole
system without the collision and the number of total number of ions.

Furthermore, TRIO 2.0 can accept the multi-turn ion optical systems. In recent years,
several types of multi-turn TOF mass spectrometers were developed and established its high
resolving power. For a multi-turn ion optical system, the beam envelope for the overall flight
path should be evaluated to estimate its ion transmission. By appointing the cycle number in
the parameter setting window, the beam envelope in a multi-turn ion optical system can be

simulated and visualized. As an example, the beam envelope in the MULTUM II is shown

21



in Figures 2.10 and 2.11. The ion trajectories of 1000 particles are simulated. Figure 2.10(a)
and (b) show beam envelopes for one cyclg-iandy- direction, respectively. In Figure 2.11
those for 5 cycles are shown.

From this function, the beam envelope for the overall flight path can be easily simulated
and visualized. In addition, the ion transmission can be calculated simultaneously. These

evaluations are necessary for the design of any mass analyzer.

2.3.5 Simulation and visualization of the TOF peak

For the TOF mass spectrometers, the TOF peak can be simulated and visualized in third-
order. In the menu bar of the parameter setting window for the beam envelope, the “Tool”
menu is equipped. When the item of “TOF peak” in the “Tool” menu is selected, a window
to set the parameters for the simulation of the TOF peak will appear. A screenshot of the
parameter setting window for the TOF peak simulation is shown in Figure 2.12. A TOF peak
simulation of MULTUM Il is shown in Figure 2.13. The peak width (FWHM) and the mass

resolution are also calculated and shown simultaneously.

2.3.6 Simulation and visualization of the energy and angular focal planes

The configurations of the energy and angular focal planes are the principal ion optical
properties for a double focusing mass spectrograph. The energy and angular focal planes can
be simulated in third-order. When the “Focal planes” button in the main frame is clicked,
a window to set the parameters for the simulation of the focal planes will appear. In this
function, the energy and angular focusing points are calculated for ion trajectories of each
value of the mass deviatign In Figure 2.14, the parameter setting window for the simulation
of the focal planes is shown. A simulation result of the energy and angular focal planes of
GEMMY is shown in Figure 2.15.

In this ion optical system, it is found that the energy and angular focal planes are not

consistent with each other, and the double-focusing is satisfied at only one point.
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Figure 2.10: Beam envelope for 1 cycle in MULTUM I
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(a) Beam envelope (x-direction)
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Figure 2.11: Beam envelope for 5 cycles in MULTUM Il
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Figure 2.12: Window for the TOF peak simulation and visualization
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Figure 2.13: Simulated TOF peak after 5 cycles in MULTUM I
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Figure 2.14: Window for the focal plane simulation and visualization

2.4 Conclusion

The computer program TRIO 2.0 equipping GUIs was developed for the design of ion
optical systems. The program has many useful functions to evaluate the ion optical properties
of a system. In TRIO 2.0, the following informations can be simulated and visualized: ion
trajectories, the image of the beam profile, the beam envelope and the ion transmission, the
TOF peak, and the energy and angular focal planes. This program enables us to design a high

resolution and a high sensitive mass analyzer.
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Chapter 3

Design of a miniature double-focusing mass
spectrograph

3.1 Introduction

For a lunar exploration, an ion optical system was newly designed [3.1]. The system em-
ployed a double-focusing mass spectrograph due to its high sensitivity and good quantitative
performance. An instrument loading on a space prove would be restricted its size, weight,
and power consumption. The instrument must be design within these imposed restrictions.
In this chapter, the newly designed ion optical system is described. Moreover, results of sim-
ulations to evaluate the designed ion optical system were presented. The computer program

TRIO 2.0 described in the previous chapter was applied for these simulations.

3.2 Design concept

As already described in chapter 1, a lunar surface exploration using a mass spectrometric
instrument was planned. The instrument would be carried on a rover and the surface sub-
stances would be analyzed on site. As the measuring objects, ices in the poles and noble
gases from He to Ar in the surface regolith and rocks were considered. Accordingly, the
mass range of the measurements was set from 1 u to 50 u. The mass resolution of 500 is
required to resolve HD antHe. This is essential to measure the isotope ratio of He. The
dynamic range ofl0* are required for the measurement of the isotope ratios of Ar. As a
typical instrument for loading on a rover, following specifications are considered: the size of
the mass analyzer must be less than 2a®0x 100 mm; the weight must be less than 3 kg.

A schematic diagram of the mass spectrometric system for a lunar exploration is shown in
Figure 3.1. In this system, samples are loaded into the sample box by a manipulator equipped
in the rover. The samples are heated in the box and gases from the samples are transported to

a gas purification part, e.g., GC, getter pump, etc. Then, the objective gases are introduced to
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Figure 3.1: Schematic diagram of the mass spectrometric system

the ion source.

As already explained, a magnetic sector-type instrument, which may have the advantage
of a good quantitative performance, can be available for planetary explorations that would
be near the Earth, e.g., lunar or Mars explorations. A magnetic sector-type was, therefore,
employed as the mass analyzer. Magnetic sector-type analyzers are classified in mass spec-
trographs and mass spectrometers. The typical ion optical system of the mass spectrometer
is the Nier-Johnson geometry [3.3]. A schematic drawing of the Nier-Johnson geometry is
shown in Figure 3.3. It consists of a cylindrical electrostatic sector and a homogeneous mag-
netic sector. The Nier-Johnson geometry provides only one double focusing point, i.e., the
energy focal plane and the angular focal plane intersect at one point. On the other hand, the
typical ion optical system for the mass spectrograph is the Mattauch-Herzog geometry [3.2].
A schematic drawing of the ion optical systems of the Mattauch-Herzog geometry is shown
in Figures 3.2. Both of them consist of a cylindrical electrostatic sector and a homogeneous
magnetic sector, and they satisfy the double-focusing. The Mattauch-Herzog geometry pro-
vides the double focusing on a straight line at the exit of the magnet. This is ideal for the use
of a focal plane detector. Since a mass spectrograph can simultaneously detect all the ions

that pass through the analyzer, it has dramatically better detection efficiency. Furthermore,
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gquantitative performance can be improved by simultaneous detection, since time-dependent
fluctuations of the system are eliminated. For these reasons, a mass spectrograph that em-
ploys a focal plane detector is suited in principle for trace and quantitative analysis. There-
fore an ion optical system based on the Mattauch-Herzog geometry was newly designed for

a lunar exploration.

3.3 Design of a miniature double-focusing mass spectrograph

In the design, the following two conditions are considered:

e The ion beams must be parallel rays in the drift space between the electrostatic sector

and the magnetic sector.

¢ Both the energy and angular focal planes must be placed at a distance from the exit of

the magnet.

The first condition is theoretically required to realize a straight line for double focusing [3.2].
This condition can be easily fulfilled by adjusting the length of the first drift space between
the ion source and the electrostatic sector. The second condition is needed to mount an MCP-
based position sensitive detector on the mass analyzer. In the original Mattauch-Herzog
design, where the photographic plate was used, the focal planes are placed at the exit fringe

of the magnetic sector as shown in Figure 3.2. However, to install an MCP-based position
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sensitive detector, it is desirable that the focal planes be at a distance from the exit fringe
of the magnetic sector. For this purpose, the defocusing action of the fringing fields of the
magnetic sector can be available. The fringing field of the magnet will exert a defocusing
action in the horizontal direction if the inclination angle between the incident normal of the
field boundary and the optical axis is positive [3.4]. Therefore, the second condition can be
fulfilled with a positive inclination angle at the magnet entrance.

A spherical electrostatic sector is employed in the ion optical system. The spherical elec-
tric field exerts focusing actions both in the vertical and horizontal directions. The focusing
action in the vertical direction contributes to achieving high transmission in the magnetic
sector. The mean radius of the spherical electrostatic sector is 50 mm.

In the design of a mass spectrograph, the magnetic sector is the most important part, since
it is the heaviest part, and the detectable range of mass to chargewéjaépends on the
size of the magnet. Here, the detectalvl&z range is defined as the ratio of the maximal
to the minimal observablm/z. It is expressed in terms of the maximal radiggx and the
minimal radiusr iy oOf the trajectories in the magnetic field aﬁ];{x/rmin)z. Accordingly, in
order to achieve a wide range of detectaje, the maximal radius should be increased, or
the minimal radius should be decreased. The maximal radius, however, directly depends on
the magnet size; thus, itis limited. The minimal radius is also limited. Because the magnetic
field would not be homogeneous in the region of the magnet fringe, the minimal radius must
be sufficiently larger than the gap width between the pole pieces. In this instrument, the
maximal radius and the minimal radius are 75 mm and 25 mm, respectively. In this design,
the detectablen/z range of 7 is sufficiently achieved. If it is required to detect from 1 u to
49 u, the observed mass region can be altered by switching the accelerating voltage and the
field strength of the electrostatic sector. When low mass ions from 1 u to 7 u are observed at
a high accelerating voltagé,, the high mass ions from 7 u to 49 u can be observed at a low
accelerating voltag¥| = Vy/7.

The design of the ion optical system was carried out with the computer programs TRIO-

DRAW and TRIO 2.0.
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Figure 3.4: lon optical system of the miniature double-focusing mass spectrograph

3.4 lon optical system

Figure 3.4 shows the schematic drawing of the newly designed ion optical system where
the ion trajectories for the mean radii in the magnetic sector of 25-75 mm at 5 mm intervals
are shown. The deflection angle of the electrostatic sect®@’iend the gap between the
electrodes is 10 mm. The inclination angle at the magnet entrad@i¥’. The deflection
angle of the magnetic sector 78.73° and the gap between the pole pieces is 4 mm. The
required size of the focal plane detector depends on the radius and the deflection angle of
the magnet. If the maximal radius and the minimal radius are set at 66 mm and 25 mm,
respectively, to achieve the detectabigz range of 7, the required detector size is 70 mm.
The physical parameters of the ion optical system and the elements of transfer matrix are
shown in Table 3.1, where the mean radius in the magnetic sector is 50 mm.

In Table 3.1(a), the physical parameters of each ion optical component are shown. The
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Table 3.1: Physical parameters of the ion optical system and the elements of the transfer

matrix

(a) Physical parameters of ion optical components.

Drift space DL =0.0345

Toroidal ESA entrance RO1 = 0.0000, GAP =0.0050, NE1 =2

Toroidal ESA AE =0.0500, WE = 60.00, C1 =1.0000, C2 = -1.0000
Toroidal ESA exit RO2 = 0.0000, GAP = 0.0050, NE2 =2

Drift space DL =0.0450

Deflection is in reverse sense

Sector magnet entrance EP1=48.71, RO1 = 0.0000, GAP = 0.0050, NM1 =2
Sector magnet AM = 0.0500, WE = 74.73, N1 = 0.0000, N2 = 0.0000
Sector magnet exit EP2 =-52.63, RO2 = 0.0000, GAP = 0.0050, NM2 =2
Deflection is in reverse sense

Drift space DL =0.0269

(b) Transfer matrix relating to the region from the ion source to the ESA exit

X a 0% 0
x 0.5525 0.0625 0.0000 0.0250
a -16.00 0.0000 0.0000 0.89371

(c) Transfer matrix of the whole system

X a Y 0 XX Xy Xy X0

-0.3267 0.0000 -0.0183 0.0000 -38.42 5313 -1.211 8.554
a 27.60 -3.061 0.0069 -4.271 1677 269.7 -6.080 -121.9

x

aa ay ad vy vo 00

-0.3034 0.1160 -0.6745 0.0044 0.1619 -0.4602
0.7392 1552 -23.11 -0.0036 1.727 -3.706

Yy ¥ Bp
x 17.09 -0.0487 -0.0001
« -1378  -2053 0.7713

y B
-2.315 -0.06474
B -49.19 -1.724

x

R

<
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Table 3.2: The length of the last drift spa€glw), (x/X), (Xly) and(X|y)/(x|X) at the energy
focusing point, i.e., wheréx|s) = 0.000

m DL3 (Xa) (XIX) (Xy) (Xly)/(XX)
25 12.2 0.000 -0.162 -0.0089 0.055
30 15.3 0.000 -0.195 -0.0108 0.055
35 18.3 0.000 -0.228 -0.0127 0.056
40 21.2 0.000 -0.261 -0.0145 0.056
45 24.1 0.000 -0.294 -0.0164 0.056
50 26.9 0.000 -0.327 -0.0183 0.056
55 29.8 0.000 -0.359 -0.0201 0.056
60 32.6 0.000 -0.392 -0.0220 0.056
65 35.5 0.000 -0.425 -0.0238 0.056
70 38.3 0.000 -0.458 -0.0257 0.056
75 41.1 0.000 -0.491 -0.0275 0.056

definitions of the ion optical parameters are presented in ref. [3.5]. From Table 3.1(b), it
was found that the element @f|e) in the transfer matrix relating to the region from the ion
source to the electrostatic sector is equal to zero. This indicates that the angle of an ion beam
is independent of its initial angle, i.e., the ion beams are parallel in the drift space between
the electrostatic sector and the magnetic sector. Accordingly, the first condition to realize a
straight line for the double-focusing is fulfilled. The elementétf) and(x|6) for the whole

ion optical system are equal to zero. This shows that the double-focusing is achieved in this
ion optical system.

The elements ofxa), (x|X) and(xy) at the energy focusing point for mean radii of the
magnetic sector from 25 mm to 75 mm at 5 mm intervals are shown in Table 3.2. The length
of the last drift space between exit of the magnetic sector and the energy focusing point is
also shown in the second column of Table 3.2. From the colunixi@, it can be confirmed
that the double-focusing is achieved for all mean radii in the magnetic field. The elements
of (xx) and(x|y) are respectively the image magnification in the horizontal direction and the

mass dispersion coefficient. When the double focusing is satisfied, the mass red®listion
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expressed in the first-order approximation as:

~ (Hy)
R= % 3-1)

Here, 55 is the main slit width. Equation 3.1 indicates that the mass resolution of the ion
optical system would be proportional to the valuéxy)/(x/x). The values ofx|y)/(x|x) for

each mean radius are equal in this ion optical system, as shown in the last column of Table
3.2. The main slit widthsy is a constant value for all mean radii. Thus, the mass resolution

is independent of the mean radii of the magnetic sector. Consequently, the mass spectra can

be observed with a same mass resolution in overall detecting plane.

3.5 Numerical evaluation of the newly designed ion optical sys-

tem

For the evaluation of the newly designed ion optical system, several simulations were
carried out by TRIO 2.0. First, the ion trajectories were simulated in the first-order. The ion
trajectories inx- andy-direction are shown in Figure 3.5. It can be clearly found that the ion
trajectories with each initial energy deviation and those with each initial angular deviation
focus at a point.

Then, the energy and angular focal planes were simulated in a small range of the mass
deviationy by TRIO 2.0. The simulated focal planes are shown in Figure 3.6. The mean
radius in the magnetic sector of the mass deviafien0 is 50 mm. The ion trajectories for
the mass deviations from = —0.06 to 0.06 at 0.02 intervals were simulated in third-order.
The focusing points were given as an intersection of trajectories, e.g., an energy focusing
point is the intersection of two trajectories whose initial energy deviations amed —¢.

As shown in Figure 3.6(b), the energy and angular focusing points for each vajuaref
coincide with each other, and these are along a straight line. It shows that this ion optical
system is sufficiently available for a mass spectrograph employing a focal plane detector.

The mass resolution of a mass spectrograph is directly dependent on the main slit size.
However, when the width of the beam profile would become small, the spatial resolution of

the detector has influence on the mass resolution. The image of the beam profile and the
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(a) lon trajectories (x-direction)

0.005 (m)  —
0.000 (m) —
-0.005 (m)  ——]
E M
(b) lon trajectories (y-direction)
0.005 (m)
0.000 (m) ]
M
-0.005 (m)
E Path length 0.224 m

Figure 3.5: lon trajectories of the ion optical system simulated in the first-order. That of in
(a) x- and (b)y-direction are shown. The initial conditions are as followg:= +0.5 mm,

agp = £0.005 yp = +1 mm, By = +0.005 andé = +0.005
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Figure 3.6: Energy and angular focal planes of the miniature double-focusing mass spectro-
graph simulated in the third-order. (a) lon trajectories with the initial energy and angular
deviations for each value of, where the mean radius of the magnetic sector is 50 mm. (b)

The expanded plot of the energy and angular focusing points for each value of
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mass resolution are simulated for several slit sizes. The simulated images of the beam profile
are shown in Figure 3.7. The ion beams that the mean radius in the magnetic sector is 50
mm were simulated. The spatial resolution of the focal plane detector practically employed
in the instrument is 4@m. The details of the focal plane detector are described in chapter
4. Figures 3.7(a)-(d) shows the images with the pixel of:48 The slit conditions of each
image are as follows: (a) the main slit width and height are 0.25 and 2.0 mm, respectively.
(b) the main slit width and height are 0.15 and 2.0 mm, respectively. (c) the main slit width
and height are 0.07 and 2.0 mm, respectively. (d) the main slit width and height are 0.07
and 1.0 mm, respectively. In these simulations, drdit width and height are 0.5 and 3.0

mm, respectively. From Figures 3.7(a)-(c), it can be clearly found that the mass resolutions
increase as the main slit width decreases.

In this ion optical system, the aberration coefficient(gliyy) is comparatively large
((Xlyy) = 17.09m™1) and the angular focusing in tlyedirection is not satisfied. Accordingly,
the main slit height may have influence on not only the image height but also the image width.
Figure 3.7(d) shows the simulation when the main slit height is 1.0 mm. Figures 3.7(c) and
(d) show that the aberration ()i|yy)yg has large influence on the image width. The image
width of Figure 3.7(d) was about 1%0n (1% valley). As previously mentioned, when the
image width is as small as the pixel size, the pixel size would affect the image width. Then,
the image with the pixel of 2@im is shown in Figure 3.7(e). In this condition, the mass
resolution of 500 was achieved. From above simulations, the condition of the main slit size
and the spatial resolution required to achieve the mass resolution of 500 is the follows: the
main slit width and height are 0.07 mm and 1.0 mm, respectively, the spatial resolution of
the focal plane detector is less than20.

The beam envelope and the ion transmission were simulated. In this ion optical system,
ion beams will pass through the small gap width of 4 mm between the magnetic pole faces.
Consequently, the ion transmission in the magnetic sector should be estimated. The simulated
beam envelopes are shown in Figure 3.8. The mean radius in the magnetic sector is 50 mm.
The beam envelops were simulated with several valug ohax. In each simulation, ion
trajectories of 1000 particles are calculated. The beam envelggirection is shown in

Figure 3.8(a). Figure 3.8(b), (c) and (d) show the beam envelopgsdimection foryg max
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Figure 3.7: Images of the beam profile for several slit size. The main slit size, the pixel size
and achieved mass resolution are as follows: (a) 0.25-2.0 mpagd&nd 130, (b) 0.15-2.0
mm, 48um and 200, (c) 0.07-2.0 mm, 48n and 250,(d) 0.07-1.0 mm, 48n and 290, and

(e) 0.07-1.0 mm, 2@m and 500, respectively.
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= 1.0, 1.5, and 2.0 mm, respectively. In all cases, the other initial conditions are fixed as
follows: xg max = 0.5 mmgg max = 0.0058, max is 0.01, and max = 0.005.

Since the spherical electrostatic sector has the focusing actyediiaction, the ion beam
would be compressed iadirection before entering the magnetic sector. It is effective to get
a high transmission in the magnetic sector. This effect is obviously shown in Figures 3.8(b)-
(d). At the condition ofyg max = 1.5 mm, i.e., when the main slit height is 3 mm, the ion
transmission of 108 was achieved by the simulation. Furthermore, almost all ions (about

90 %) could pass the magnetic sector when the main slit height is 4 mm.

3.6 Conclusion

The ion optical system of the miniature double-focusing mass spectrograph was newly

designed. The ion optical system has the following features:

e The double focusing is satisfied along a straight line being at a distance from the exit

fringe of the magnetic sector to employ a focal plane detector.
e The simultaneously detectabitgzrange is 7.

e The mass resolution of 500 could be achieved when the main slit width and height are

0.07 and 1.0 mm, respectively, and the pixel size of the detectorisi20

e A high ion transmission could be achieved. The ion transmission i%Ben the

main slit height is 3 mm, and 9% when the main slit height is 4 mm.

It was found that the pixel size of the detector would has influence of the mass resolution.

References

[3.1] M. Nishiguchi, M. Toyoda, M. Ishihara, M. Ohtake, T. Sugihara, and |. Katakuse. De-
velopment of a miniature double focusing mass spectrograph using a focal plane detector.

J. Mass Spectrom. Soc. Jp§4:1-9, 2006.

42



(a) Beam envelope (x-direction)
0.005

-0.005
(m) x, max = 0.5 mm, o, Mmax = 0.005, y, max = 1.0 mm, B, max = 0.01, § max = 0.005

(b) Beam envelope (y-direction)
0.005

0
-0.005
(m) ¥, max =1.0 mm lon transmission 100%
(c) Beam envelope (y-direction)
0.005

(m) y,max=15mm lon transmission 100%

(d) Beam envelope (y-direction)

-0.005
(m) ¥, max =2.0 mm lon transmission 92%

Figure 3.8: Beam envelopes and the ion transmissions in the ion optical systerr- (a)
direction, (b)y-direction whenyy max = 1.0 mm, (cy-direction wheny, max = 1.5 mm, and

(d) y-direction whernyg max = 2.0 mm

43



[3.2] E. G. Johnson and A. O. Nier. Angular Aberrations in Sector Shaped Electromagnetic
Lenses for Focusing Beams of Charged Partidiiss. Rey.91:10-17, 1953.

[3.3] J. Mattauch. A Double-Focusing Mass Specctrograph and the Massé2 afidNG-e.
Phys. Rey50:617-624, 1936.

[3.4] H. Wollnik. Optics of Charged ParticlesAcademic Press. Inc., 1987.

[3.5] T. Matuo, H. Matsuda, Y. Fujita, and H. Wollnik. Computer Program “TRIO” for Third

Order Calculation of lon TrajectoryMass Spectroscopy (Japa2@:19-62, 1976.

44



Chapter 4

Instrumentation

4.1 Introduction

A miniature mass spectrograph employing the newly designed ion optical system was
constructed [4.1]. The instrument is equipped with an El ion source, a spherical electrostatic
sector, a homogeneous magnetic sector and a focal plane detector using a CCD. The newly
constructed instrument can detect ions over the wider mass range simultaneously than already
developed mass spectrographs by combining the newly designed ion optical system and the
large focal plane detector. In recent years, large imaging devices used in the focal plane
detectors, e.g., photodiode arrays and CCDs, have become available at comparatively low
cost. The instrument equips the CCD whose size is about 5 cm. A CCD driver system and a
data acquisition system was developed. In this chapter, the detailed descriptions of each part

of the instrument are given.

4.2 Whole instrument

Here, the technical drawing and a photograph of the newly constructed instrument are
shown in Figures 4.1 and 4.2. The instrument is set in a circular vacuum chamber whose
diameter is 40 cm. The vacuum chamber is evacuated with a turbomolecular pump (TMP
280G, SHIMADZU CORPORATION, Kyoto, Japan). The vacuum pressure is measured
with an ionization gauge (GI-TL2, ULVAC, Inc., Kanagawa, Japan) attached at the side of
the vacuum chamber. The base pressure is maintained at&addiit Pa. The mass analyzer
is fixed on a base plate whose size is about 20<c29 cm. The focal plane detector is fixed
to a movable stage. In this instrument, the position of the detecting plane can be adjusted
by the practical ion optical conditions of the energy and angular focal planes. The details of

each part are described in following sections.
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Figure 4.1: Technical drawing of the instrument. The drawings of (a) the instrument in the

vacuum chamber and (b) the mass spectrograph are shown.
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Figure 4.2: Photograph of the instrument. (a) The analyzer part and (b) the instrument in the

vacuum chamber are shown.
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Figure 4.3: Photograph of the El ion source. The samd-igure 4.4: Schematic diagram of

one used for IMS-HX110 is employed. the El ion source
4.3 lon source

The El ion source employed in this instrument is the same one as used for IMS-HX110
(JEOL, Tokyo, Japan). Although the development of a small and light ion source is also
important in space exploration, a reliable ion source is nheeded for this instrument to evaluate
the ion optical properties. Thus, the commercially available ion source was employed. A
photograph and a schematic diagram of the ion source are shown in Figures 4.3 and 4.4,
respectively. In Figure 4.4, the voltages\gfandV, correspond the accelerating voltages of
ions and that of electrons for the ionization, respectively. The accelerating voltagdasof
supplied by a high voltage power supply (4105B, Fluke Corporation, USA). The accelerating
voltage of ions can be applied up to 10 kV with this power supply. In this wégks set in

a range of £3 kV, and the accelerating voltage of electr&fags set at about 70 V.

4.4 Spherical electrostatic sector

A spherical electrostatic sector is employed in the instrument. A photograph and a techni-
cal drawing of the spherical electrostatic sector are shown in Figures 4.5 and 4.6, respectively.
The mean radius, the gap width of the electrodes, the deflection angle and the height of the

spherical electrostatic sector are 50 mm, 10 mm,&@ 40 mm, respectively. The shielding
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Figure 4.5: Photograph of the elec- Figure 4.6: Technical drawing of the electrostatic sec-

trostatic sector tor

plates are equipped at the top and bottom of the electrode, and the height of the electrode is
determined with a margin by considering the leakage of the field.

As well known, the theoretical voltage applied to the electrostatic sector depends on
the accelerating voltage of the ions. The relation between the theoretical voltage applied to
the electrostatic sector and the accelerating voltage for this spherical electrostatic sector is
calculated as follows. When the voltagestdg and—Vg are applied to the outer and inner
spherical electrodes whose radii areandr_, respectively, the electric potentigfr) and the

electric fieldE(r) are expressed as follows.

V 2r r_
$(r) = ———= [; —(ry+r2) (4.1)
ry—r_ r
2ror-Ve l
Er)= —/——= 4.2
0="T" 4.2)
The radiug of the zero potential is derived from eq. 4.1 as
2r.r_
= 4,
o ry +r_ (4.3)
The equation of motion at the radiusrmgfis expressed as
mv2
F = eE(ro) (44)

wherem, e andv are the mass, charge and velocity of an ion, respectively. If the accelerating

voltage of ions i/, the relation between the energy of the ion and the accelerating voltage
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is given as the following well known equation.

%mv2 = eV, (4.5)
Equations 4.4 and 4.5 yield
I’oE(ro) = 2Va (46)

Then, substitution of eq. 4.3 into eq. 4.6 yields

re—r_

VE=2
S

Va (4.7)

In this spherical electrostatic sector, the radius of the zero potential and the gap width between
the electrodes must be 50 mm and 10 mm, respectively. Accordingly, the outerradiud

the inner radiug_ are set as 55.5 mm and 45.5 mm, respectively, from eq. 4.3. Thus, the
relation between the theoretical voltage applied to the electrostatic sector and the accelerating

voltage is derived as follows.
Ve = 0.1980/, (4.8)

The positive and negative voltages of the electrostatic sector were supplied by two voltage
power supply modules (MP2P and MP2N, Spellman, UK). The ripple of the module is 10
mV. When the accelerating voltage of ions is 10 kV, the voltage applied to the electrostatic

sector is about 2 kV, as shown in eq. 5.13.

4.5 Homogeneous magnetic sector

For a homogeneous magnetic sector, a permanent magnet is employed in the instrument
to save power consumption. The magnetic circuit consists of pole pieces, magnets and a
magnetic yoke. It was designed to achieve the required magnetic flux density and the suf-
ficient uniformity. From the ion optical design, the gap width between the pole pieces was
set at 4 mm. The magnetic flux density was determined as 0.576 T. When ionig4fre
accelerated to 10 keV, the mean radius of the ion trajectory is 50 mm in this magnetic field.

From these conditions, then, the thickness of the magnet and the material of the permanent
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Figure 4.7: Schematic drawing of the magnetic circuit

magnet were considered. A schematic drawing of the considered magnetic circuit is shown

in Figure 4.7. In the magnetic circuit, the following equation is satisfied by éueip law:
9§H -dl=0 (4.9)
The line integral ofH along the loop shown in Figure 4.7 is expressed as:
Holo + HL + 2Hgl = 0 (4.10)

whereHp andlg are the magnetic field strength and the length along the integral line in the
gap between the pole pieces, respectidigndL are those in the pole pieces and the yoke,

Hg andl are the magnetizing field strength and the thickness of the magnet. The magnetic
flux densityBg in the gap between the pole pieces @ih the pole pieces are generally
comparable. On the other hand, the relative magnetic permeability of the iron is more than
the order of 18 as well known, i.e 4 > o whereu andug are the magnetic permeability in

the iron and the vacuum, respectively. In consequence, the magnetic field stleagBiu

can be negligible compared withy = Bp/ug. Thus, equation 4.10 can be rewritten as:
I’Holo + 2Hd| =0 (4.11)

wherer is the reluctance coefficient concerning the loss of the magnetizing force in the mag-
netic circuit. Generally, the reluctance coefficiens in a range of 1.21.5. The magnetic

flux densityBg can be given with the remanent magnetic flux denBifpf the magnet and a
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Figure 4.8: Demagnetiation curves of NEOMAX 39SH and the load ling 6f3.0

coefficiento- concerning the leakage of the magnetic flux in the magnetic circuit as:
By=— (4.12)

In ordinary cases, the coefficiemtis in a range of 1.54.0. From equations 4.11 and 4.12,
the following equation can be derived:

B 20l
d __ 27 (4.13)

poHa ~ rlo
Here,p = —By/(1oHg) is called as the permeance coefficient that determines the practical
remanent magnetic flux densiBg and the magnetizing field strengtty from the demagne-
tization curve of the magnetic material. The intersection of the demagnetization curve with
the load line corresponding the calculated permeance coefficient would give the practical
operating point 0By andHyg.
For the magnetic material, it is desired that the maximum energy pr&ducHy should

be as large as possible. Additionally, the material employed in a space exploration must has a
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high heat resistance. From these viewpoints, the magnetic material was selected. In this mag-
netic sector, a sintered Neodymium-Iron-Boron magnet (NEOMAX 39SH, NEOMAX Co.,
Ltd., Osaka, Japan) was employed as a permanent magnet. The maximum energy product is
319 kJ/n? (40 MGOe). The temperature characteristic of the magnetic material NEOMAX
39SH is as follows: the temperature coefficient of the magnetic flux density is%0al20
°C, and the Curie temperature is about 400 For this magnetic material, the operating point
in the demagnetization curve was determined.

Here, demagnetization curves of NEOMAX 39SH [4.2] are shown in Figure 4.8. First,
the coefficients ando- are empirically and roughly estimatedras 1.1 ando = 1.5. Then,
the required remanent magnetic flux den@ywas calculated by eq. 4.12 @%$76x 1.5 =
0.86(T). From the demagnetization curve at°ZD), the load line of the permeance coefficient
p = 3.0 would sufficiently realizeBy ~ 0.86. The load line ofp = 3.0is also shown in Figure
4.8. Accordingly, the thickness of the maghetas determined by eq. 4.13 bs lg = 4.0
(mm). The thickness of the pole pieces were designed as 8 mm for the uniformity of magnetic
field. Furthermore, the yoke was designed to prevent the magnetic saturation. The cross

section of the magnet is aboliB5x 103 m?. The saturation flux density of the iron is about

53



2 T as commonly known, and the flux density of 1.5 T in the iron is useful. In consequence,
when the flux density in the gap between the pole pieces is about 0.6 T, the following relation

between the cross section of the magdgand that of the magnetic yok&can be given:

1.5x 0.6
So =
0 15

By
>

S
B

So = 0.6Sg (4.14)

The width of the yoke is 85 mm as shown in Figure 4.9. Here, the thickness of the yoke was
set at 16 mm. The cross section of the yok8.@85x 0.016 = 1.36x 10~2 (m?). This cross
section of the yoke would be sufficiently large as shown in eq. 4.14. Low-carbon steel SS400
(JIS G3101) is used for the pole piece and the yoke. Since the magnetic material is porous,
the surface of the magnet is coated with TiN. This coating prevents adsorbed gases flowing
out from the magnet.

A technical drawing of the magnetic sector and the magnetic circuit is shown in Figure
4.9. The inclination angle at the magnet entrance is 48.7mhe deflection angle of the
magnetic sector is 74.73The mean radii of the magnetic sector are in a range from 25 to 75

mm.

4.6 Focal plane detector

The focal plane detector is an important part of the mass spectrograph. The detectable
m/z range depends on the size of the focal plane detector. Furthermore, the mass resolution
of the instrument would finally depend on the spatial resolution of the focal plane detector.
The required size to observe thgzrange of 7 is 70 mm, and the required spatial resolution
to achieve the mass resolution of 500 is.20 as presented in the previous chapter. Needless
to say, ideally, the size should be as large as possible, and the spatial resolution should be as
small as possible. However, generally speaking, the spatial resolution would become large
as the detector size increase. Therefore, it is quite difficult to select the best devices both in
size and spatial resolution for the focal plane detector.

This instrument employs a focal plane detector consisting of an MCP, a phosphor layer
on a fiber-optic plate (FOP) and a CCD. The schematic drawing of the focal plane detector

is shown in Figure 4.10. In this focal plane detector, ions are detected as follows. Firstly, ion
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Figure 4.10: Schematic drawing of the focal plane detector

beams entering the channels of the MCP are converted and amplified to electron clouds by
the MCP. The MCP also retains the spatial information of the profile of the ion beam. Then,
these electrons are accelerated to the phosphor layer and converted into photons. Finally,
these photons pass through the FOP and are detected by the CCD. In this focal plane detector,
the size and spatial resolution are determined by those of the CCD. The specification of the

CCD is described in subsection 4.6.2.

4.6.1 MCP assembly

An assembly (F4301-04, Hamamatsu Photonics, Shizuoka, Japan) comprising an MCP,
a phosphor layer and a FOP is used for the detector [4.3]. The active area of the MCP is 55
mmx 8 mm and the channel diameter isdra. The MCP is composed of two stages and the
typical gain is over (P if the voltage applied to the MCP is 2.0 kV. The front surface of the
MCP is grounded. The type of phosphor is P46, and the typical wavelength and the decay
time are 530 nm and 300 ns, respectively. A photograph of the MCP assembly is shown in

Figure 4.11.
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Figure 4.11: Photograph of the MCP assem-Figure 4.12: Photograph of the CCD
bly (F4301-04, Hamamatsu Photonics) (S7175F, Hamamatsu Photonics)

4.6.2 CCD area image sensor

In recent years, thanks to progress in semiconductor technology, large CCDs have be-
come available at comparatively low cost. The CCD employed in this instrument is a front-
illuminated type (S7175F, Hamamatsu Photonics, Shizuoka, Japan) [4.4]. The FOP window
is attached in front of the CCD to couple with the MCP assembly. The structure of the CCD
is a type of full frame transfer (FFT). The number of active pixels is 1024 (horizante®8
(vertical), each pixel is 48m x 48 um, and the active area is 49.152 nn®.144 mm.

The FFT-CCD is comprised of one vertical shift register, one horizontal shift register
and an output section. The vertical shift register operates as the photosensitive and storage
section simultaneously. The haorizontal shift register sends the signal charge transferred from
the vertical shift register to the output section. Accordingly, the FFT-CCD is normally used
in conjunction with an external shutter mechanism to ensure that no light enters the CCD

while the signal charges are being transferred from the vertical shift register.

4.6.3 CCD driver system

A CCD driver system was newly developed. The operating principle of the FFT-CCD is
as follows. During the signal integration, i.e., exposure period, the signal charge is collected
in a potential well in the vertical shift register. Then the signal charge is transfered to the
output section via the horizontal shift register during the closed period of an external shutter.
In charge transfer operations, the CCD use a pair of gate electrode and it is called as two-

phase CCD. In the two-phase CCD, the signal charge is transfered in the direction determined
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by the potential deference created in the wafer process. A schematic drawing of the FFT-CCD
is shown in Figure 4.13.

For this CCD, seven types of clocks are required. Two clocks of P1V and P2V are applied
to the vertical shift register to transfer the signal charge because of the two-phase CCD. The
clock of TG is applied to the transfer gate between the vertical shift register and the horizontal
shift register and it is synchronized with P2V in ordinary uses. Two clocks of P1H and P2H
are applied to the horizontal shift register. The clock of SG is applied to the summing gate
between the horizontal shift register and the output section and it is synchronized with P2H
in ordinary uses. The clock of RG is applied to the reset gate to clear the signal charge. The
CCD can be operated by two modes: the line binning mode and the pixel binning mode. In
the line binning mode, the signal charges in the vertical shift register are accumulated in the
horizontal direction, and the output data is one-dimensional data of 1024 channels. In the
pixel binning mode, the signal charges of all pixels are sent to the output section one after
another, and the output data is two-dimensional data of 20228 channels. The timing
chart for each clock in the line binning mode is shown in Figure 4.14. In addition, Figure 4.15
shows the timing chart of the clocks for the vertical (PV) and horizontal (PH) shift register
in each mode of the line binning and the pixel binning.

Here, the schematic diagram of the CCD driver system is shown in Figure 4.16. The
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required clocks for driving the CCD are generated by a digital I/0O board (PCI-2472C, In-
terface, Hiroshima, Japan). A user interface to control the digital I/O board is developed by
the graphical development environment (LabVIEW 6.0, National Instruments, Texas, USA).
Although the digital 1/O board generates nominal TTL signals of 0-5 V, the CCD requires
-8 V at the low level and 6 V at the high level for signals. Thus, a voltage conversion circuit
system was constructed. The circuit system consists of voltage conversion units and buffer
units. TTL signals of 0-5 V are converted to signals-&- 6 V by the MOSFET switch of
the voltage conversion unit. These signals are sent to the buffer units in the vacuum cham-
ber. The buffer units are near the CCD in the vacuum chamber, and converted signals are
brunched after the buffer units as demanded for each signal. The same clocks are generated
by branching the clock after the buffer units to simplify the circuit system. Since the clocks
of P2V and TG are synchronous, these are branched from one clock. The clocks of P2H and
SG are same as the clocks of P2V and TG.

In this driving system, the clock frequency of the signal charge transfer is 100 kHz. The
frame rate in the line binning mode is about 100 frame per second (fps) without the exposure

time. That in the pixel binning mode is about 1 fps.

4.7 Data acquisition system

A data acquisition system was newly developed. In the CCD, the signal charge trans-
ferred by the shift register is finally converted to the voltage corresponding to the charge. The
method for charge-to-voltage conversion is the floating diffusion amplifier (FDA) method
which is the most popular one [4.5]. A schematic diagram of the FDA method is shown in
Figure 4.17. The method consists of nodes for detecting a charge and a pair of MOSFETs
connected to each node. The charge in the detection node is converted into a voltage with
the simple relationship Q=CV by the readout MOSFET. This process is the nondestructive
readout. The detecting node is reset by the reset MOSFET to the reference level in order to
read the next signal. The output voltage from the CCD is first amplified by the preamplifier
installed near the CCD as shown in Figure 4.17.

Then, the output signals are send to a correlated double sampling (CDS) circuit [4.5]. The
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CDS circuit can remove the KTC noise associated with the capacitor of the shift register and
the 1/f noise. The CDS circuit consists of a lowpass filter, a clamping circuit and a sample
and hold circuit. A schematic diagram of the CDS circuit is shown in Figure 4.18. In the CDS
circuit, the signal level immediately after reset is clamped at a certain voltage, then the signal
level is sampled. The output signals of the CDS circuit are acquired as a digital data via a
12-bit A/D board (PCI-3163, Interface, Hiroshima, Japan). A user interface to control the
A/D board is developed by LabVIEW (National Instruments, Texas, USA). The schematic
diagram of the data acquisition system and the CCD driver system is shown in Figure 4.19.
As previously explained, a shutter mechanism is required for the FFT-CCD. For the shutter
mechanism, a pulsed voltage is applied to the deflecting electrode in the ion source to prevent
the ion beam entering the detector while the signal charges are being transferred inside the
CCD. The pulsed voltage is generated by a pulser using a MOSFET switch. All clocks for
the data acquisition system and the shutter mechanism are also supplied by the digital /O

board (PCI-2472C) controlling the CCD driver system.

4.8 Conclusion

A miniature double-focusing mass spectrograph employing the newly designed ion op-
tical system was constructed. The instrument consists of an El ion source, a spherical elec-
trostatic sector, a homogeneous magnetic sector and a focal plane detector. The focal plane
detector is comprised of an MCP, a phosphor layer, a FOP, and a CCD. The CCD driver

system and the data acquisition system was developed.
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Chapter 5

Evaluation of the miniature double-focusing mass
spectrograph

5.1 Introduction

The miniature double-focusing mass spectrograph was newly designed and constructed
as presented in previous chapters. Then, the performance of the instrument was investigated.
The shapes of the energy and angular focal planes are important ion optical properties in
a mass spectrograph. The focal planes of the newly constructed mass spectrograph were
evaluated experimentally. In the experiment, the peak shifts were observed when the initial
energy or angle was fractionally changed. Additionally, the focal planes were also evaluated
by the simulation to compare with the experimental result. lon trajectories were simulated
over several mean radii in the magnetic sector by combining the transfer matrix method and
a ray tracing method. The energy and angular focusing points for each mean radius were
calculated from simulated ion trajectories. Furthermore, an element of the transfer matrix of
(x|66) was measured experimentally.

The quantitative performance is also essential for this instrument. The dynamic range
of the simultaneous detection was evaluated. Moreover, the distribution of the gain in the
employed focal plane detector was investigated.

In this chapter, the evaluation of the ion optical properties and the quantitative perfor-

mance is described.

5.2 2D and 1D spectra

5.2.1 Observation of the phosphor layer image

First, images on the phosphor layer was observed for a performance check of the newly
constructed instrument. When the CCD is not coupled with the MCP assembly, the image on

the phosphor layer in the MCP assembly can be directly observed through a window attached
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Figure 5.1: Photograph of the mass spectrum on the phosphor layer in the vacuum chamber

at the vacuum chamber. A photograph of a mass spectrum on the phosphor layer is shown
in Figure 5.1. The spectrum of the residual gases in the vacuum chamber was observed. The
photograph shows that the ion beams of each mass were dispersed in the magnetic sector and
the luminous images of the ion beam profile were observed at the position where ion beams
had arrived. From this experiment, it was confirmed that mass spectra could be observed in

the newly constructed instrument. Then, the CCD was installed in the focal plane detector.

5.2.2 2D and 1D spectra
Without the magnetic shunt

The CCD was combined with the MCP assembly, and the image on the phosphor layer
was observed by the CCD with the data acquisition system. A photograph of the assembled
focal plane detector is shown in Figure 5.2. The preamplifier and the buffer circuit are set
in the vacuum chamber near the CCD as explained in the previous chapter. The focal plane
detector mounted near the exit of the magnetic sector. it can be moved to adjust the detecting
plane by the practical focusing condition. First, the magnetic shunt at the exit fringe of the
magnetic sector was not equipped.

Figure 5.3 shows 2D and 1D spectrum of residual gases without the magnetic shunt. The
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Figure 5.2: Photograph of the focal plane detector consisting of the MCP assembly and the
CCD

experimental conditions were as follows: the accelerating voltage of the ions was 1500 V; the
voltage applied to the electrostatic sector wa87.0 V; the electron energy and the electron
current for the ionization were 70 eV and 208. The voltage applied to the MCP and the
phosphor layer was 0.8 kV and 3.8 kV. The operation mode of the CCD was pixel binning,
and the exposure time of the CCD was 1.0 s. The 1D spectrum was obtained by accumulating
the lines from 10 to 120 of the 2D spectrum in the vertical direction. The abscissa axis of
the 1D spectrum shows the CCD channel. Tiigvalue of a peak increases as the channel
number increases.

Here, a broad image surrounded by a broken line in Figure 5.3(b) was observed. A small
broad peak had coexisted with each main sharp peak as shown with solid circles in the 1D
spectrum of Figure 5.3(c). The broad accompanying peak was always observed at any spec-
trum without the magnetic shunt. At any case, it was observed as the following characteristic
way. The accompanying peak always appeared at smaller channel than that of the main peak.
In addition, the distance between the accompanying and main peaks increased as the channel
of the main peak increases. Thus, the accompanying peak would be artifact. The accom-

panying peak is nothing but a interference, and it must be eliminated for the quantitative
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Figure 5.3: 2D and 1D spectrum of the residual gases without the magnetic shunt. (a) 2D
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are shown.

analyses.

It was most likely that the broad accompanying peak would be caused by the sputtered
electrons from the MCP. A schematic drawing of the motion of the sputtered electrons is
shown in Figure 5.4. The accompanying peak can be consistently explained by the sputtered
electrons from the MCP as follows. When the ion beam has arrived at the MCP surface,
electrons would be sputtered to the front side of the MCP. Then, these electrons would be
deflected into a circular orbit by the leaked magnetic field, and they would return to the
MCP. The direction of the circular motion is same for all electrons because its direction is
determined by the Lorentz force exerting on the electrons in the leaked magnetic field. In
this system, the sputtered electrons would return at smaller channels than the position where
the ion beam has arrived as shown in Figure 5.4. Accordingly, the accompanying peak would
always appear at smaller channels than that of the main peak.

Furthermore, the distance between the MCP surface and the exit fringe of the magnetic
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sector increases as the channel number increases in this instrument. In consequence, the
strength of the leaked magnetic field would decrease at the MCP surface as the channel
number increases. That is, the radius of the circular motion of the sputtered electrons would
increase as the channel number increases. Therefore, the distance between the accompanying
peak and main peak increases as the channel of the main peak increases. As discussed above,
the cause of the accompanying peak is the sputtered electrons from the MCP surface and the
leaked magnetic field.

From the above discussion, there are two effective methods in order to eliminate the
accompanying peak. One is the method to apply the electric field so as to prevent that the
electrons would be sputtered to the front side of the MCP. In this method, however, the
electric field affects the ion trajectories and the focusing conditions if the electric field would

properly limited. Accordingly, the mesh shield is generally required in front of the MCP
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in this method. The other is the method to limit the leakage of the magnetic field so as to
prevent that the sputtered electrons would not return to the MCP. The leakage of the magnetic
field can be limited by installing the magnetic shunt at the exit fringe of the magnetic sector.
In this instrument, the latter method was employed. The magnetic shunt was installed at the
exit of the magnetic sector to eliminate the accompanying peak. The magnetic shunt was

constructed by laminating iron plates.

With the magnetic shunt

Figure 5.5 shows 2D and 1D spectra of residual gases with the magnetic shunt. The
experimental conditions were as follows: the accelerating voltage of the ions was 1550 V;
the voltage applied to the electrostatic sector w&86.9 V; the electron energy and the
electron current for the ionization were 70 eV and 2@0 The voltage applied to the MCP
and the phosphor layer was 0.8 kV and 3.8 kV. The operation mode of the CCD was pixel
binning, and the exposure time of the CCD was 1.0 s. The 1D spectrum was obtained by
accumulating the lines from 20 to 120 of the 2D spectrum in the vertical direction.

Figure 5.5 clearly shows that the accompanying peak was eliminated by installing the
magnetic shunt. It was confirmed that the sputtered electrons to the front side of the MCP
caused the accompanying peak. Then, the ion optical properties of the newly constructed

instrument were evaluated in detail.

5.2.3 Mass resolution

For the evaluation of the mass resolution, the 2D and 1D spectra of the residual gases
were observed. The detector position was practically adjusted so as to observe 2D and 1D
spectra with a good focusing in the overall detecting range. The 2D and 1D spectra of the
residual gases are shown in Figure 5.6. The experimental conditions were as follows: the
width and the height of the main slit were 0.25 mm and 2.0 mm; the width and the height
of the « slit were 0.5 mm and 3.0 mm; the accelerating voltage of the ions was 2200 V,
the voltage applied to the electrostatic sector wa€35.6 V; the electron energy and the

electron current for the ionization were 70 eV and 220 The voltage applied to the MCP
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Figure 5.5: 2D and 1D spectra with the magnetic shunt. (a) 2D spectrum of the full range,
(b) 1D spectrum obtained by by accumulating the lines from 20 to 120 of the 2D spectrum in
the vertical direction, and (c) expanded 2D spectrum in a range from 800 to 1000 channels

with enhanced contrast.

and the phosphor layer was 0.7 kV and 3.7 kV. The operation mode of the CCD was the pixel
binning, and the exposure time of the CCD was 1.0 s. The 1D spectrum was obtained by
accumulating the lines from 10 to 120 of the 2D spectrum in the vertical direction. Then,
the expanded 2D spectrumm@fz 18 of Figure 5.6(a) is shown in Figure 5.7(a). A mass
resolution of 130 (1% valley) was achieved at this peakmfz 18. The simulated image of

the beam profile corresponding to the experimental data of Figure 5.7(a) is shown in Figure
5.7(b). The main and second slit sizes are set to coincide with the experimental conditions,
and the initial energy deviatiahwas in a range from -0.001 to 0.001. From the simulation of
the beam profile, a mass resolution of 130 is obtained. The experimental result is, therefore,

in good agreement with this simulation.
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Figure 5.6: (a) 2D and (b) 1D spectra of residual gases. The 1D spectrum was obtained by

by accumulating the lines from 10 to 120 of the 2D spectrum in the vertical direction.

Then, mass resolutions experimentally achieved for three different main slit width are
shown in Figure 5.8. When the main slit width are 0.15 mm and 0.07 mm, the mass resolu-
tions of 150 and 200 were achieved, respectively. It was confirmed that the mass resolution
increases as the main slit width decreases. The mass resolutions with the main slit width of
0.15 mm and 0.07 mm were, however, lower than the simulated values. This result can be
explained by considering the increase of the image width of the beam profile, which mainly
caused by the spread of the electron cloud in the MCP. The channel diameter of the MCP is
12 um, and it is composed of two stages. The final width of the electron cloud would spread

by the following processes. First, the area of the channels generating the secondary electrons
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Figure 5.7: (a) 2D spectrum expanded around m/z 18 in Figure 5.6 and (b) simulated image

of the beam cross section.

would be larger than the area of the ion beam profile because of the finite channel diameter of
12 um. Even if the width of the ion beam profile is smaller than the channel diameter of the
MCP, the ion beam would activate an area of channels corresponding a width of two or three
channels as shown in Figure 5.9. Concequently, the initial width of the electron cloud would
be about 2630u larger than that of the ion beam profile. Moreover, the electron cloud would
also spread at the bonded surface of the each stage of the MCP by the same reason. At this
joint, the electron cloud would spread by-240 um. Finally, the width of the electron cloud
released from the MCP would spread abouiu8® as large as that of the ion beam profile.

This spread of the image width would have seriously influence on the mass resolutions with

the main slit width of 0.15 mm and 0.07 mm.

5.2.4 Evaluation of the detectable m/z range

As previously described, the simultaneous detection of a wide mass range is a significant
feature of the mass spectrograph. The detectajateange was evaluated experimentally. In
this ion optical system, the detectabi¢z range depends on the detector size and the detector
position. A schematic drawing of the geometrical configuration of the detecting plane and the
observable mean radius of the magnetic sector is shown in Figure 5.10. From the geometrical

consideration, the relation between the detectable mean radii of the magnetic sector and the
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width in the MCP.

detector siz) is given as follows:

sin 2550
Frooy— Pt = —— 2" D = 0584D 5.1
max— Mt 5 0025263 ®.1)

wherermax andrmin are the maximal and minimal mean radius. As already mentioned, the
detectablen/z range is defined a@max/rmin)%>. From eq. 5.1, the detectable mass range is

expressed as

r 2 D \?
( max) = (1+ 0.5843—) (5.2)
I'min 'min

From eqg. 5.2, it can be found that the detectable mass range decreases as the minimal detected
mean radius increases. In this system, the active area of the focal plane detector is about 50
mm. Accordingly, the detectabla/z range varies from 2.6 to 4.7 according to the detecting
position.

In the 1D spectrum of Figure 5.6, the detectal& range was calculated. First, the
channel numbers of the abscissa axis were calibrategzoSincem/zis proportional to the
square of the mean radius of the ion trajectory in the magnetic sector, the relation between
m/z and the channel numbers of the abscissa axis can be expressgd-asx’ + bx + c.
Here,a, b andc denote the calibration coefficients, axdenotes the channel numbers. These

coefficients were calculated by applying the least-squares fitting to the channels numbers cor-
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Figure 5.10: Schematic drawing of the geometrical relation between the detector and the

detectable maximal and minimal radius of the magnetic sector

responding to the peak centroidsrofz 14, 18, 28 and 32. The 0 and 1024 channels corre-
spond tom/z 12.4 and 34.1, respectively. In consequence, the detectable range of 34.1/12.4
= 2.8 was obtained.

On the other hand, the mean radiusmofz 34.1 in the magnet is calculated as 68.5
mm when the accelerating voltage and the magnetic flux density are 2200 V and 0.576 T,
respectively. When the maximal mean radius in the magnetic field is 68.5 mm, the minimal
mean radius is calculated as 41.0 mm from eq. 5.1 by assuming a detector size of 50 mm. The
detectablen/z range is then calculated §8.5/41.0)° = 2.8. This value is well consistent

with the experimental result.
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5.3 Evaluation of the energy and angular focal planes

The shapes of the energy and angular focal planes are important properties in a mass
spectrograph with a focal plane detector: these focal planes must be along the same straight
line to observe highly resolved mass spectra in the overall detecting plane. In the 1930s, Mat-
tauch and Herzog theoretically investigated conditions for double-focusing for all masses in
a first-order approximation without taking into account the fringing fields [5.1]. Matsuda and
Wollnik investigated the double-focusing properties of CQH-type mass spectrographs over a
wide mass range using the transfer matrix method [5.2]. In their calculations, the influence
of the fringing fields was taken into account up to the second order. They demonstrated two
ion optical systems of the CQH-type mass spectrographs that would allow double-focusing
in a mass range frormy to 3my and have small second-order aberration coefficients. In
their ion optical systems, however, the energy and angular focal planes would, in principle,
curve. Ishihara and Kammei proposed a lens system consisting of a quadrupole doublet and
an octapole lens to enable the use of a focal plane detector in a conventional sector-type mass
spectrometer [5.3]. They simulated the ion trajectories of a conventional double-focusing
mass spectrometer using a lens system based on the transfer matrix method and showed that
the curvature of the focal plane could be corrected by the octapole lens. In these investiga-
tions, the focal planes were only evaluated theoretically or by simulations.

In this section, the experimental evaluation of the focal planes for a wide mass range is
presented. In order to evaluate the focal planes, the peak positions need to be measured with
high accuracy. The dependence of the peak position on the magnet temperature, therefore,

was measured for correction of the data.

5.3.1 Method for the evaluation of the energy and angular focal planes

First, the evaluation method of the energy focal plane would be explained in detail. If
the energy focusing is satisfied on the detecting plane, the peak position does not shift by
the value of the initial energy deviatiaghin the first-order approximation. In other words,
if the energy focusing is not satisfied, the peak position shifts by the valde &igure

5.11 is a schematic drawing of the direction of the peak shifts under three different focusing
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Figure 5.11: Schematic drawing of the direction of the peak shift for the fractional change of

the initial energy

conditions. The region between the exit of the magnet and the detecting plane is called the
front side, and the opposite side relative to the detecting plane is called the back side. Here,
it will be discussed about the direction of the peak shifts when the initial energy of the ions
is increased frondg to Ug(1 + 6). The schematic ion beams of a newly-designed ion optical
system for each initial energy are shown in Figure 5.11. The ion beams of the initial energy
of Ug are shown as solid lines, and these of the initial enerdy61 + 6) are break lines. For
the ion beamm;y in Figure 5.11, if the peak position shifts in the direction thatrfje value
increases, the energy focusing point is in the front side of the detecting plane. For the ion
beammy, if the peak position does not move, the energy focusing point is on the detecting
plane. For the ion beams, if the peak position shifts in the direction where th¢z value
decreases, the energy focusing point moves to the back side of the detecting plane.

For the evaluation of the angular focal plane, the same method can be applied. The shape
and the position of the angular focal plane can be evaluated by measuring the peak shifts

when the initial angle of the ion beam is changed. When the initial angle is increased, the
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direction of the peak shifts is the same as when the initial energy is increased. The initial
angle of the ion beam can be changed by shifting the center aof glie

Moreover, the distancks between the focusing points and the detecting plane along the
optic axis can be roughly estimated from the peak shifts by means of the transfer matrix
method. Here, a schematic drawing to explain the distance between a energy focusing point
and the detecting plane along the optic axis is shown in Figure 5.12. The angle between the
optic axis and the ion trajectory of its initial energy GH(1 + §) is given as(a|d)s in the
first-order by the transfer matrix method. From the geometrical consideration, the following

relationship is satisfied in the first-order approximation:
Ls(al6)6 = Axssing (5.3)

whereAxs andd are the amount of the peak shifts in the detecting plane due to the initial en-
ergy deviation ob and the angle between the optic axis and the detecting plane, respectively.
That of the angular focusing point can be given as the same way. In consequence, These

distances for the energy and angular focusing pdip@ndL, are expressed as follows:

AXs sing _AX, sing
(@) = 7 (alo)a

5= (5.4)

The matrix elements df|6) and(a|a) would be calculated for each peak at the corresponding

mean radius in the magnetic field.

5.3.2 Dependence of the peak position on the voltage applied to the elec-

trostatic sector

The focal planes can be evaluated by measuring the peak shifts as explained in the fore-
going subsection. First, the dependence of the peak position on the voltage applied to the
electrostatic sector was investigated. The peak position were measured for several voltages
applied to the electrostatic sector near the theoretical one. The spectra of residual gases were
observed for this purpose. The accelerating voltage of ions was 2200 V. The theoretical volt-
age applied to the electrostatic sector-#35.6 V. The voltage applied to the electrostatic
sector was varied in a range fras435.1 V t0+436.0 V when the accelerating voltage was

fixed at 2200 V. Other experimental conditions same as the spectrum shown in Figure 5.6.
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The peak centroid ofn/z = 28 against the voltage applied to the electrostatic sector is
shown in Figure 5.13. The straight line shows the result of the least squares fitting to a linear
function applied to the data points. In this instrument, the voltage applied to the electrostatic
sector can be determined within the error of 0.05 V. By the least squares fitting, the gradient
of the linear function wa.8 + 0.2. Consequently, the peak position would have the error
caused by the determination accuracy of the voltage applied to the electrostatic sector as

oer = 2.8 X 0.05 = 0.14 channel.

5.3.3 Temperature dependence of the peak position

The peak position is likely to be influenced by fluctuations in the temperature of the
magnet, because the magnetic field strength depends on the temperature of the magnet. Gen-
erally, the permanent magnet has a negative temperature coefficient. Since the magnetic field
affects the ion trajectories, the temperature of the magnet will have a significant influence on
the peak position. Therefore, the dependence of the peak position on the temperature of the
magnet is investigated.

A circuit system of a thermometer using a thermistor (103JT, Ishizuka Electronics Co.,

Tokyo, Japan) was constructed to measure the temperature of the magnetic sector. A schematic
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Figure 5.13: Peak position against the voltage applied to the electrostatic sector.

diagram of the circuit system is shown in Figure 5.14. The thermistor was attached to the
magnetic sector in the vacuum chamber. By the circuit system, the resistance of the thermis-
tor is displayed in a digital panel meter. The relation between the resistance and the absolute

temperature of a thermistor is expressed as follows [5.4]:

1 1
ofr ) o

whereR(T), Ry and B are the resistance at temperafly¢he resistance at temperatUig

R(T) = Ryexp

and a constant depending on the material of the thermistor, respectively. From the specifi-
cation data of the thermistor 103JT [5.4,= 3435K andRy = 10kQ at T = 25°C are

given. Accordingly, the resistance of the thermistor could be converted to the temperature by
eqg. 5.5.

The spectra of the residual gases were observed to measure the fluctuation of the peak
position by the temperature of the magnetic sector. The experimental conditions are same
as the spectrum shown in Figure 5.6. Many spectra were observed at different temperatures.
The peak centroid position ofi/z 28 expressed with the CCD channels is plotted against the

temperatures in Figure 5.15. The errors show the suapfand the mean square errors of
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Figure 5.14: Schematic diagram of the thermometer circuit system

five consecutive measurements . For a typical permanent magnet, the magnetic flux density

is expressed as:

B(T) = Bo{1-n(T - To)} (5.6)

whereT, To, Bg andn respectively denote an arbitrary temperature, a standard temperature,
a magnetic flux density at the standard temperature and the temperature coefficient. If the
accelerating voltage is fixed, the radius of the trajectory in the magnetic field is, as is well
known, in inverse proportion to the magnetic field strength. Thus, the peak centroid position
can also be fitted as a function that is inversely proportional to the magnetic field strength. In
short, the relationship between peak centroid position and the temperature of the magnet can

be expressed as follows:

(5.7)

wherea, b andc denote the fitting coefficients, andand T respectively denote the peak

centroid channel and the temperature of the magnetic sector. The result of the least squares

79



795 T T T T T T T T T T T
Data ——o— 1
794 - Least squares fiiting : .
L i/L i
o
793 - ; |
=" - @ -
= e &
% I St ]
s 92r i .
° 5 (3
é = :% -
S 791 L - e -
() [ ) s
< 2/{?
] L 4
[0]
& 790 _
789 _
788 . | . | . | . | . | .
22.5 23.0 23.5 24.0 24.5 25.0 25.5

Temperature of the magnetic sector (°C)

Figure 5.15: Peak position against the temperature of the magnetic sector

fitting applied to the data points is also shown in Figure 5.15. The temperature coefficient was
experimentally derived as0.1% at 20°C. This result is in agreement with the specification
data of the Neomax 39SH ef0.11%at 20°C.

The experimental results show that the peak position strongly depends on the tempera-
ture of the magnet, indicating that temperature correction is essential for the measurement
of a meaningful peak shift if the fluctuation of the temperature of the magnetic sector is

significant.
5.3.4 Evaluation of the energy and the angular focal planes

Experimental

The spectra of the residual gases were also observed for evaluation of the energy focal
plane. When the accelerating voltage of ions is 2200 V, six peaks/pfl4, 16, 17, 18,

28 and 32 can be observed simultaneously, as already shown in Figure 5.6. However, there
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are only two peaks in the region frof®0— 1000channels and no peaks in the region from
400-700channels under these experimental conditions. For the evaluation of the focal plane,
the peaks should be observed in the overall detecting plane. When the accelerating voltage is
3000V, peaks oin/z 14, 16, 17 and 18 are observed in the region f&0— 700channels.

Also, when the accelerating voltage is 3800 V, these four peaks are observed in the region
from 600— 1000channels. Thus, the spectra were observed at three different accelerating
voltages of 2200 V, 3000 V and 3800 V. When the accelerating voltages of ions are 2200 V,
3000 V and 3800 V, the theoretical values of the voltages applied to the electrostatic sector
are+435.6 V,+594.0 V and+752.4 V, respectively. At each accelerating voltag&/othe

peak shifts were measured when the accelerating voltage was switched fodvif1+0.005)

while the voltages applied to the electrostatic sector were fixed.

For the evaluation of the angular focal plane, the spectra of residual gases were observed
at acceleration voltages of 2200 V, 3000 V and 3800 V, the same as in the case of the energy
focal plane. The center of the slit was shifted by 0.2 mm in the horizontal direction to
change the initial angle of the ion beam. The initial angle is increased 0.006 radian by this
shift of thea slit. At each of the accelerating voltages, the peak shift was measured when the

initial angle of the ion beam was increased by 0.006 radian.

Results and discussion

The shifts of the peaks with the temperature correction are plotted against the peak cen-
troid positions in Figure 5.16. The circles show the peak shifts when the initial energy was
increased by = 0.005, and the squares show those when the initial angle of the ion beam
was increased by 0.006 radian. The mean radius in the magnetic field corresponding to the
channel number of the peak position is also shown in Figure 5.16. If the peak position moved
with increased channel number, it would show that the peak position movesmagahalue
increases. In Figure 5.16, the peak shifts in the range 86~ 1000channels are nearly
equal to zero for both the energy and the angular deviations, indicating that double-focusing
is sufficiently achieved in this range of the detector plane. Small positive shifts of peaks are
observed in the range fro@— 300 channels. This shows that the focal planes are curved

toward the magnet.
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Figure 5.16: Peak shifts when the initial energy or the initial angle is fractionally increased

The positions of the energy and angular focusing points relative to the detecting plane
were estimated by ed2?. The matrix elements dfv|5) and(a|a) were calculated for each
peak by TRIO 2.0. The positions of these focusing points are shown in Figure 5.17. The cor-
responding mean radii in the magnetic sector and the schematic configuration of the magnetic
sector are also shown in Figure 5.17.

It was confirmed that the energy and angular focal planes sufficiently coincide with each
other and are along a straight line in the range of more than 50 mm of the mean radii of
the magnetic field. The focal planes curve slightly toward the magnetic sector relative to the

detecting plane in a range of less than 50 mm of the mean radii of the magnetic field.
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Figure 5.17: Energy and angular focusing points estimated from the peak shifts

5.4 Measurement of a second-order element of the transfer

matrix (x|60)

If energy focusing is achieved, i.e., the first-order element of the transfer njgijxs
equal to zero, the deviation of the trajectories depending on the value giroportional to
62. Thus, by measuring the deviatiorfor several values of, the second-order element of
the transfer matrixx|66) can be obtained experimentally as a coefficient®of

The spectra of the residual gases were observed for the measurertdii)of-irst, the
voltage applied to the electrostatic sector was adjusted at the theoretical vald68 V
for the accelerating voltage of 2350 V. The spectra of residual gases were then observed at
the accelerating voltages in steps of 5 V from 2330 V to 2370 V while the voltage applied to
the electrostatic sector was fixed. This scan range of the accelerating voltage corresponds to
a range ob from —0.0085 to 0.0085.

The deviation of the ion trajectories in the profile plane is estimated from the shift of
the peak centroid by considering the angle between the ion beam and detecting plane. The
deviation of the ion trajectories in the direction is plotted against in Figure 5.18. A

quadratic function of the least squares fitting applied to the data points is also shown in
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Figure 5.18: Deviation of ion trajectories agaiastThe least squares fitting was applied to

the data points as a quadratic function.

Figure 5.18. The second order coefficient of the fitting functior@st7 + 0.03 m. This

result is in good agreement with the simulation by TRIO 2.6@#4 m.
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5.5 Simulation of the ion trajectories in the magnetic sector

The experimental results of the evaluation of the focal planes indicate the minimal curve
of the focal planes. In this ion optical system, the fringing field of the magnet exit is likely
to considerably influence the focal planes. Although the TRIO 2.0 computer program can
analytically take into account the influence of the fringing field for several determined shapes
in third order approximations, it is unable to calculate the influence of the fringing field of
our newly-designed magnet. A ray tracing method would be more effective in this case.
Therefore, the magnetic field and ion trajectories in the magnetic sector were simulated by
a ray tracing method for comparison with the experimental result. The calculation of the
magnetic field was carried out by employing the ‘ELECTRA’ computer program [5.5]. This
program can calculate electric potential and electric field in three dimensions using the charge
density method [5.6]. In the charge density method, the surface of the electrode is divided into
elements to approximate the continuous charge distribution. The electric potential and field
can be obtained by integrating the contribution of the charges on each element. The electric
potential calculated by the charge density method will exactly satisfy Laplace’s equation in
principle.

If there is no saturation of the magnetic material in the magnetic circuit, the static mag-
netic field can be calculated by the program for calculating the electric field according to the
following principle. If the currents do not exist, the magnetic fieldsatisfies the Maxwell

equations as follows.

divH =0 (5.8)

rotH =0 (5.9)

Equation 5.9 indicates that the magnetic fiéldcan be defined with the magnetic scalar

potentialgm as:
H = —gradgm (5.10)
Substitution of eq. 5.10 into eq. 5.8 yields:
Ve¢m =0 (5.112)
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Figure 5.19: Mesh of the magnet and the magnetic shunts generated by ELECTRA.

Equation 5.11 shows that the magnetic scalar potepitjabeys Laplace’s equation, as does
the electric potential. Therefore, the magnetic scalar potential and field can be calculated by
the charge density method for the electric field calculation.

Here, the simulation of the magnetic field by ELECTRA is described. Figure 5.19 shows
the generated mesh of the magnet and the magnetic shunts. The mesh consists of 2498
nodes. The contour map of the magnetic flux densitg-direction on the median plane is
shown in Figure 5.20. The contour map of the magnetic scalar potential in the cross section
A-B of Figure 5.20 is shown in Figure 5.21. The distribution of the magnetic flux density
along the cross section A-B in Figure 5.20 is also shown in Figure 5.22. The simulated
distribution is shown as the solid line and the measurements are plotted as circles in Figure

5.22. The magnetic flux density was practically measured without the magnetic shunt of the
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Figure 5.20: Contour map of the magnetic flux density-irection simulated by ELEC-
TRA.

exit fringe of the magnet. The simulation in Figure 5.22 was, therefore, executed without the
magnetic shunt of the exit fringe. The simulated magnetic field shows good agreement with
the measurements. The simulation result and the measurements, moreover, show sufficiently
high uniformity of magnetic field strength in the area where ions pass through.

Then, ion trajectories were simulated in this calculated magnetic field. The integration
of the equation of motion was carried out by means of a fourth-order Runge-Kutta method.
lon trajectories were simulated for mean radiB&f— 70 mm at 5 mm intervals. In principle,
an ion’s trajectory in an electrostatic field does not depend an/it/alue. In consequence,
the starting points of each trajectory was set at the exit of the electrostatic sector. The ini-
tial positions and angular deviations were calculated using the transfer matrix method. lon
trajectories with initial energy deviations 6f= 0 andé = 0.005were simulated for each
mean radius to evaluate the energy focusing points. lon trajectories with initial angular devi-

ations ofa = 0 anda = 0.006 radian were also simulated to evaluate the angular focusing
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Figure 5.24: Energy and angular focusing points simulated by ELECTRA

points. lon trajectories and the focusing points for both cases are shown in Figure 5.23. The

expanded plots of the focusing points are shown in Figure 5.24.

The energy and the angular focusing points sufficiently coincide with each other along

a straight line. Moreover, the simulated focal planes slightly curve toward the magnet as

observed in the experimental results as shown in Figure 5.17. It was confirmed the following

two points both experimentally and by simulation:

e The double-focusing is sufficiently achieved along a straight line.

e The focal planes curve slightly toward the magnet as the mean radii in the magnetic

field decrease.
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5.6 Evaluation of the quantitative performance

The guantitative performance is the most essential feature of the instrument. The char-
acteristics of the focal plane detector significantly affect it in this mass spectrograph. In this
section, the evaluation of the quantitative performance is described. The dynamic range of
the simultaneous detection was evaluated by observing spectra of krypton and neon [5.7].

Furthermore, the distribution of the gain in the detector was investigated.

5.6.1 Dynamic range of the simultaneous detection

The 2D spectra of krypton and neon were observed to evaluate the dynamic range of
the simultaneous detection. First, the 2D and 1D spectrum of krypton is shown in Figure
5.25. The experimental conditions were as follows. The background pressurgOnas
104 Pa in the vacuum chamber, and the pressure was increase8 %0103 Pa when
krypton gas was introduced. The accelerating voltage of ions was 800 V. The voltage applied
to the electrostatic sector wasl58.4 V. The electron energy and the electron current for
ionization were 70 eV and 250A. The voltage applied to the MCP and the phosphor layer
was 1.0 kV and 4.0 kV. The operation mode of the CCD was the pixel binning and the
exposure time of the CCD was 1.0 s. The 2D spectrum shown in Figure 5.25(a) is expanded
around the spectrum of krypton. The 1D spectrum shown in Figure 5.25(b) was obtained by
accumulating the lines from 30 to 120 of the 2D spectrum in the vertical direction.

All the stable isotopes of krypton are observed simultaneously without saturation of the
CCD. The ratios of peak areas were calculated; their peak areas are shown in Table 5.1. The
peak area was calculated by integrating the intensity in twice peak wid& aeak height.

The errors show mean square errors of five consecutive measurements. Each peak area ratio
(the roughly estimated isotope ratio) agrees with the standard isotope ratio [5.8] within a
deviation of 3G6. A dynamic range of 200 was obtained from fi&r/8*Kr ratio.

Then, the 1D spectrum of neon is shown in Figure 5.26. The experimental conditions
are as follows. The background pressure wés< 10 Pa in the vacuum chamber, and the
pressure was increased 18 x 102 Pa when neon gas was introduced. The accelerating

voltage of ions was 3050 V. The voltage applied to the electrostatic secto£6a%3 V.
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Figure 5.25: (a) 2D and (b) 1D spectrum of krypton. The 1D spectrum was obtained by

accumulating the lines from 30 to 120 of the 2D spectrum
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Figure 5.26: 1D spectrum of neon. The spectrum was obtained by accumulating the lines

from 30 to 120 of the 2D spectrum

The electron energy and the electron current for the ionization were 70 eV and\29be
voltages applied to the MCP and the phosphor layer were 0.9 kV and 4.0 kV. The operation
mode of the CCD was pixel binning and the exposure time of the CCD was 1.0 s. The 1D
spectrum was obtained by accumulating lines 30 to 120 of the 2D spectrum in the vertical
direction. All the stable isotopes of neon were observed simultaneously without saturation
of the CCD, although the signal-to-noise ratio of #ilde peak was not sufficient. The ratios

of peak areas were calculated. These ratios of peak areas are also shown in Table 5.1. The
errors show mean square errors of five consecutive measurements. These roughly estimated
isotope ratios agree with the standard values [5.8] within a deviatio®wflf addition, a

dynamic range of 300 was achieved with #ile/°Ne ratio.
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Table 5.1: Peak area ratios of krypton and neon

Peak arearatio  Standard isotope ratio

8K r/84Kr 0.0041+ 0.0002 0.0062
80K r/84Kr 0.0336=+ 0.0002 0.0401
82K r/84Kr 0.173 +0.001 0.2034
83K r/84Kr 0.156 +0.001 0.2018
86K r/84Kr 0.276 +0.002 0.3032
2INePNe 0.0031+ 0.0003 0.0030
22NePNe 0.1087+ 0.0006 0.1022

5.6.2 Gain distribution in the detector

The inhomogeneity of the distribution of the gain in the focal plane detector has seriously
influence on the measurement of the isotope ratio because the peaks for each mass are ob-
served at different positions in the detector. For evaluation of the gain distribution, spectra of
neon were observed for several detector positions.

The experimental conditions are as follows. The background pressur8.@vaslO*

Pa in the vacuum chamber, and the pressure was increagel x010~* Pa when neon

gas was introduced. The accelerating voltage of ions was 3000 V. The voltage applied to
the electrostatic sector wa$94.0 V. The electron energy and the electron current for the
ionization were 70 eV and 3Q@A. The voltages applied to the MCP and the phosphor layer
were 0.8 kV and 4.0 kV. The operation mode of the CCD was pixel binning and the exposure
time of the CCD was 1.0 s. The 1D spectrum was obtained by accumulating lines 10 to 120
of the 2D spectrum in the vertical direction. The experimental conditions at each position
of detector were fixed at above values. The detector position was mechanically moved to
observe the peaks at different channels in the detector. The detector position was shifted only
in lateral direction while the detector angle is retained.

The peak areas for each detector position are shown in Figure 5.27. Here, the peak area
was obtained by integrating the intensity in twice peak width%tggak height as same as

the previous subsection. The peak position in the detecting plane is represented by the peak
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Figure 5.28: Peak area ratio ®Ne”°Ne for each detecting position.

centroid. Figure 5.27(a) is the plots of the peak areas against the peak centfdi @ind

22Ne. Figure 5.27(b) and (c) shows the expanded plots of Figure 5.27(#Nerand?’Ne,

respectively. The experimental result shows that the peak area fluctuated a%ohy 4i0e

detecting position of the peak. The peak area ratios for each detecting position are shown in

Figure 5.28. The peak area ratios’dle/°Ne are plotted against the peak centroid®e.

The peak area ratios also fluctuated abo@b4y the detecting position. This indicates that

the employed focal plane detector has a large inhomogeneity of the distribution of the gain.
Then, the reproducibility and the linearity of the gain were evaluated when the detecting

position is fixed. Spectra of neon were observed at a fixed position in the detector. The exper-

imental conditions without the pressure are same as the previous experiment. The amount of

neon gas introduced in the vaccum chamber was changed. The pressures wér@srort

Pa t01.0 x 10~2 Pa when neon gas was introduced. Moreover, the spectra were observed at

a constant temperature because the peak position is affected by the temperature of the mag-

net as already described. The peak are&#8Né against those dPNe are plotted in Figure
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fixed detecting position.
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5.29(a), and the peak area ratio¥9fe°Ne against the peak area8Ne are shown in Fig-

ure 5.29(b). The temperatures of the magnet were from 2470 24.85°C, and the peak
centroid of?°Ne was from 621.58 channels to 621.62 channels for all the measurements.
This shift of the peak can be negligible. The peak area ratios are measured within a relative
deviation of 26. This result shows that a sufficiently useful reproducibility and linearity of
the gain can be achieved when the detecting position is fixed.

The experimental result for the evaluation of the gain distribution in the employed focal
plane detector showed serious inhomogeneity. However, a sufficiently useful reproducibility
and linearity of the gain was confirmed when the detecting position is fixed. This indicates
that the calibration of the gain distribution in the overall detecting plane is essential for the
measurement of the isotope ratio. If the gain distribution would be calibrated, the instrument

could provide high sensitive and good quantitative analyses.

5.7 Conclusion

The performance of the newly designed and constructed instrument was investigated.
The mass resolution of 130 was achieved with the main slit width of 0.25 mm. This result
agreed with the simulation using the transfer matrix method. The experimental value of
the detectablen/z range was also consistent with the calculated value. The energy and
the angular focal planes were evaluated experimentally. Double-focusing was successfully
achieved along a straight line. The focal planes, however, curve slightly toward the magnet as
the mean radii in the magnetic field decrease. These focal planes were also evaluated by the
simulation to compare with the experimental result. The energy and angular focusing points
were simulated by the ray-tracing method. The magnetic field was simulated by ELECTRA
using the charge density method. The results of the experiment and the simulation were
well consistent with each other. Additionary, the second-order element of the transfer matrix
(X|66) was measured experimentally a8.47 + 0.03 m. This measurement was in good
agreement with the simulation.

The quantitative performance of the instrument was also evaluated. All stable isotopes of

Kr and Ne were observed without the saturation of the detector. A dynamic range of 300 was
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achieved by the peak area ratio®@Nef°Ne. The gain distribution of the employed focal
plane detector was evaluated. In 6800 channels of the detector, the peak are#’Ni
and??Ne fluctuated about 46, and the peak area ratio 8fNe”°Ne also fluctuated same
amount. This value of the fluctuation is seriously large for the measurements of the isotope
ratio. The calibration of the gain distribution in the overall detecting plane is essential. When
the detecting position is fixed, a sufficiently useful reproducibility and linearity of the gain
was achieved. Therefore, if the gain distribution would be calibrated, the instrument would

be available for quantitative analyses.
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Chapter 6

Conclusion

A miniature double-focusing mass spectrograph has been developed as a prototype model
for a lunar exploration. The computer program TRIO 2.0 was developed for the design of
the ion optical systems, with which the new ion optical system for employing a focal plane
detector was designed. The ion optical properties and the quantitative performance of the
constructed instrument were evaluated. From this work, the following conclusions can be

led:

Development of the computer program TRIO 2.0

The computer program TRIO 2.0 was developed. The program has many functions for the
design and evaluation of the ion optical systems and, moreover, useful GUIs were equipped.
The aberration coefficients can be calculated up to third-order by the transfer matrix method.
The program accepts a system including the following ion optical components: drift spaces,
electrostatic sectors, magnetic sectors, electric or magnetic quadrupole lenses, and multipole
lenses. The program supplies functions to evaluate the ion optical properties of a system.
The following properties can be simulated and visualized: ion trajectories, the image of the
beam profile, the beam envelope and the ion transmission, the TOF peak, and the energy and
angular focal planes. It should be noted that all the programs of TRIO 2.0 are written in a
modern object oriented language of Java. This brings us a high expandability, flexibility and

maintainability of the coding.

Design and construction of the miniature double-focusing mass spectrograph

The miniature double-focusing mass spectrograph was newly designed and constructed.
The ion optical system was designed to satisfy the double-focusing along a straight line being
at a distance from the exit fringe of the magnetic sector to employ a focal plane detector. In
the design, the ion optical properties of the system, e.g., beam profile, mass resolution, beam

envelope, and transmission were evaluated by TRIO 2.0.
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The instrument is comprised of an El ion source, a spherical electrostatic sector, a homo-
geneous magnetic sector and a focal plane detector using a CCD. A CCD driver system and

a data acquisition system was developed.

Performance evaluation of the instrument

The ion optical properties and the quantitative performance of the newly constructed in-
strument was evaluated. The mass resolution of 130 was achieved with the main slit width
of 0.25 mm, which is in good agreement with the simulation. The detectatdeange was
estimated from a spectrum of the residual gases. The result was well consistent with the the-
oretically calculated value. The energy and the angular focal planes were evaluated. In the
system, double-focusing was successfully achieved along a straight line. The focal planes,
however, curve slightly toward the magnet as the mean radii in the magnetic field decrease.
Then, the energy and angular focusing points were simulated to compare with the experimen-
tal result. These results of the experiment and the simulation well agreed with each other. In
addition, the second-order element of the transfer métj#s) was measured experimentally
as—-0.47 + 0.03m. This measurement was in good agreement with the simulation by TRIO
2.0.

The quantitative performance of the instrument was evaluated. A dynamic range of the
simultaneous detection was achieved as 300 from the spectrum of neon. Moreover, the gain
distribution of the employed focal plane detector was evaluated. The peak intensity of the
isotope of neon fluctuated about%40This result shows that the gain distribution is inhomo-
geneous in the focal plane detector, and the calibration of the gain distribution in the overall
detecting plane is essential. However, a sufficiently useful reproducibility and linearity of
the gain was achieved when the detecting position is fixed. The instrument could, therefore,
provide a high sensitivity and a good quantitative performance if the gain distribution would

be calibrated.
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