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1. INTRODUCTION

Investigation of the structural elucidation of large
molecules by mass spectrometry has become more widespread with
the development of new ionization techniques. Field Desorption
(FD) ionization was the first techniqgue of exhibiting mass
spectra of thermally labile compounds [1-1]. With the advent
of Laser Desorption (LD) in 1968 [1-2], Secondary Ion Mass
Spectrometry (SIMS) in 1973 [1-3], Plasma Desorption (PD) in.
1974 [1-41, Fast Atom Bombardment (FAB) in 1981 [1-5], and sub-
sequent developments, generation of large ions in this decade
has become routine. The possibility of analysis of intractable
compounds, such as peptides, lipids and proteins, has become
apparent.

While these techniques made it possible to generate large
ionic species, the instrumentation used for the mass
spectrometric analysis of these compounds has begun to show its
limitations.

Magnetic deflection instruments are the most common type
of mass spectrometer used for the analysis of large molecules,
but there is a relationship between the mass and the magnetic

flux density such that:
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(1-1)

where M is the mass of the ion (dalton), 2 is the charge (e), B

1=



is the magnetic flux density (T), R is the radius of the magnet
(m) and V is the acceleration voltage (volt). It can be seen
that to increase the maximum mass to charge ratio analyzed by
such a machine, either B or R must be increased, or V must be
decreased. In an electromagnet cored with a ferromagnetic

material, the magnetic flux density, B, has an upper limit

(1.8T with Fe magnets and 2.3T with cobalt-alloy), therefore,

an increment of B is not really viable. Reduction of the ac-

celerating potential, V, leads to a decrease in ion extraction

efficiency, and hence, a loss in sensitivity. The only

feasible option, therefore, is to increase R, the radius of tﬁe
magnetic sector. To double the radius requires a eight fold
increase in weight of the magnet. This suggests difficulty in
the construction of a large instrument.

Other types of mass spectrometers include Quadrupole mass
filters (Q-filter) and Fourier Transform Ion Cyclotron
Resonance instruments (FT-ICR). Q-filters are usually limited
to around 1,000 dalton mass range, but recent reports suggest
that this could be extended to as high as 3,000 dalton in the
near future. This still does not bring them within the mass
range that is currently proving to be of interest.

FT-ICR instruments are again limited by the strength of
the magnetic field employed, even though super-conducting mag-
nets are used. Recent developments have illustrated the mass
range of current machines to be as high as 3,000 dalton. The
theoretical mass range for FT-ICR is unlimited, but the tech-
nigue is still very much in its infancy, and such instruments

are very expensive, concluding the limitations.
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The other option left open is that of Time-of-Flight Mass
Spectrometry, and it is this area that will be considered in

more detail.

Time-of-Flight (TOF) Mass Spectrometry was first postu-
lated in 1946 [1-6]. Stephens suggested that, after accelera-
tion from an ion source, ions having different M/Z values would
possess different velocities, and consequently separate into
groups spread out in space. From the time taken to travel a
known distance, and if the acceleration voltage is known, the

mass to charge ratio of the ions can be calculated as:

(1-2)

where V is the acceleration voltage (volt), Ty is the flight
time (s), and L¢ is the flight length (m).

Several improvements of the instrumentation of TOF.mass
spectrometers have been achieved, attending high resolving
power in such systems.

In 1955, Wiley et al. improved the resolution of a TOF
mass spectrometer with a new electron impact (EI) ion source
[1-7). The development utilized a special alignment of two ?OUN*$i”iW
electric fields in the ion source and a technique of delayed
ion extractidn.

A further attempt to improve resolution was suggested by

Mamyrin et al. in 1973 [1-8], where an electric field was used

S

“4 17 e As
to 'reflect' the ions in their flight path. This was in order g
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to compensate for energy distribution among ions generated in
the ion source.

Poschenrieder (1971) proposed the use of a sector field to
achieve angular isochronous and energy isochronous focusing, in . fu
order to improve resolution [1-9]. Spatial focusing should
also be achieved to increase sensitivity. The principies of the

multiple focusing were thus established.

TOF mass spectrometry has two advantages in the principle

of mass measurement, which are:

1) The mass range of TOF instruments is theoretically unlimited,
but, in practice, is limited only by the ionization technigue

capable of generating large ions.

2) TOF mass spectrometers detects all ions from low to high mass
successively, and no ions are lost, because no scanning
process 1S necessary. All ions produced are used in sub-
sequent analysis, therefore the technique has a possibility

to reduce sample consumption.

On the other hand, poor mass resolution and poor ion trans-
mission of the TOF mass spectrometer have been responsible for
restricting the widespread use of this technique for routine
analysis. These problems arise from several origins inherent in

TOF mass measurements as described in the following:

1) Mass resolution:




* Finite ionization time
The pulse width of ionization time determines the mass
resolution. If ions are generated over a relatively long
time, then a considerable loss in resolution will result.

* Energy spread of ions
Ions are generated with a distribution of energies. For a
system with good resolution, energy isochronous focusing
must be achieved.

* Divergence angle and entrance position of ions
Ions flight different paths in the analyzer among their
initial conditions, therefore the flight times are
different. Isochronous focusing related to aperture angle
and position should be met.

* Time resolution in the detection system
It directly restricts the mass resolution of the TOF
system. The technique of fast electric circuits is also

needed in the detection and time measuring system.

2) Ion transmission:

* Beam divergence
If an analyzer has no spatial focusing action, the diver-
gent ions will travel further than ions on a mean path,
thus the beam diverges to a large spread at the detector.
This leads to a loss in sensitivity. For a high transmis-
sion efficiency, stiggz%ic focusing must be achieved.

* Energy spread of ions

Ions having different energies should be led to the

. detector, therefore spatial energy focusing should also be
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required for the TOF system.

The purpose of this thesis is the investigation and the
development.of a high performance TOF mass spectrometer, which
satisfies high resolution and high transmission, simultaneously.
In order to solve the problems of TOF mass spectrometer, ion-
optical designs of toroidal electric sectors for the analyzer are
studied. A new TOF mass spectrometer consisting of four
electric sectors is constructed and examined.

The results of the investigation are described in this
thesis as follows:

The third-order approximations for the calculation of par-
ticle flight times in drift spaces, toroidal electric sectors,
and guadrupole lenses are achieved. The influences of fringing
fields are also considered. The results are given in Chapter
Two.

The ion optics of multiple focusing TOF instruments, those
consisting of toroidal electric sectors, are investigated in
Chapter Three. The symmetrical arrangement is introduced in the
ion-optical design. A lot of multiple focusing systems are
found, and the relative merits and demerits of them are
discussed. The doubly symmetrical system consisting of four
electric fields is proposed.

In Chapter Four, the construction of the proposed TOF mass
spectrometer is described. The pulse operations of two different
kinds of ion sources (EI and SIMS) are also given.

The results of the experiments of the TOF mass spectrometer

are given in Chapter Five. The ion-optical characteristics of
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resolution and transmission of the system are investigated by
using an EI ion source. The TOF mass spectra of peptides are
obtained with good resolution using a secondary ion source for

SIMS analysis.
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2. CALCULATION OF PARTICLE FLIGHT TIMES TO A THIRD-ORDER

APPROXIMATION

2-1. General description

The kinetic energy of a charged particle with mass m and

velocity v is given by:

—l-m v2 = 72V (éV)
(2-1)

where 2 is the charge (e) and V is the acceleration voltage
(volt). Therefore, the velocity, v, of the ion is calculated
by the following relationship:

v= 1.39 ><1o4 2V (m/s)

(2-2)

where M is the mass of ion (dalton). The flight time, Tg, of

an ion which travels a length Lg (m) is given by Lg/v as:

T,= 72.0L; (<) (us)
(2-3)

In a TOF mass spectrometer, the flight length, Lgs is a con-
stant dependent upon the design of the system. If only the
flight time of an ion is measured, the mass to charge ratio,

M/Z, can be obtained by the relation of Eq. 2-3.
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in a real ion beam, the kinetic energy of the ions is not
homogeneous, an energy distribution caused by the ionization
process exists, therefore, the flight times of ions with
the same M/Z value may differ. In addition, ion flight paths
differ within the analyzer due to different initial conditions
of motion at the entrance to the analyzer. The spatial devia-
tion and divergent angle of the ions from the optic axis raise
the differences of flight times, even though they have the same
/2 value. Consequently, the resolution of a TOF mass
spectrometer decreases by using such an ion beam.

In order to improve the resolution of a time-of-flight
mass spectrometer, the use of a toroidal electric sector in the
flight region was first proposed by Bakker [2-1] and Poschen-
rieder [1-9]. The electric sector acts as an energy analyzer,
therefore ions having relatively high energies pass along an
outer, bigger radius curve in the electric sector. The high
energy particles travel a greater distance, therefore, the to-
tal flight times are independent of their energies, if a spe-
cial arrangement of an electric sector is achieved. Such inde-
pendence in flight times is called 'isochfgﬁous focusing' on

o,
the anafg;y of spatial focusing of an ordinary particle
spectrometer. The schematic drawings of the isochronous focus-
ing by an electric sector with respect to the spreads of energy
and angle of ions are shown in Fig. 2-1. The isochronous
focusing condition of a TOF system with an electric sector can
be searched, if the flight times of ions in such ion-optical

)
devices are calculated. By using the paféiial ion optics, the

. . L5 d% Fu 9
flight times of ions can be expressed by power series expan-
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sions of the initial elements, as first-order terms, second-
order terms and so on.

After achieving the first-order focusing condition in an
ion-optical system, the higher-order time aberrations become
important. The second;brder flight times were obtained by Mat-
suda et al. [2-2]. 1In this chapter, the flight times of
charged particles moving along arbitrary trajectories in an
electric sector of a toroidal field are calculated to a third-
order approximation. The second and the third-order time coef-
ficients in the toroidal electric sector are derived using the
results of the calculation of the ion trajectory obtained by
Matsuo et al. [2-3]. An electric quadrupole lens is also
available as an ion-optical device in TOF mass spectrometers.
The third-order flight times in the gquadrupoles are also

calculated.

In the time-of-flight mass spectrometer, the time dif-
ference between the flight times of an arbitrary particle and
that of the reference particle is important. A path length
deviation, 2, can be related to the time difference as:

[=(T—Ty)v (2-4)

where T is the flight time of an arbitrary particle, Ty that of
the reference particle and v,y is the velocity of the reference

particle. The concept of path length deviation is convenient

for the unified description for ions with any mass. We shall

use path length deviations from now on.
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For the calculation of the path length deviation of ions,
the profiles of the ion trajectories in each ion optical device
are necessary. 1In this thesis, the results of the ion trajec-
tory calculations obtained by previous analyses are used.
Therefore, some symbols are not consistent in the thesis.
These ;re: The radius of the toroidal electric sector, g
which is expressed as pgy in Section 2-2 and Ry in Section 2-5.

The deflection angle, ¢e' is expressed as w in Section 2-2.

2-2. Third-order flight times in a toroidal condenser

In a tofoidal electric sector, the optic axis is chosen as
a circular arc of radius Por which is assumed to be at zero
potential. The optic axis 1s the trajectory of the reference
particle of charge e;, mass mj and kinetic energy Up with
velocity VO=(2U0/mO)1/2. A cylindrical coordinate system
(Do+x, w, y) is used as shown in Fig. 2-2. The optic axis 1is
given by a circle (x=0, y=0). The trajectory of an arbitrary
particle of charge e, mass m=m0(1+Y)e/e0 and kinetic energy (at
zero potential) U:UO(1+5)e/e0 is described by the coordinates
x(w) and y(w) as functions of . vy and § are the relative mass
and energy deviations, respectively.

In a toroidal electric sector, the path length deviation

defined in Eq. 2-4 is given by:

U
[=fi£d5_PM’ (2-5)
0 v
In the cylindrical coordinates, the differential element of the

~13-
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Fig. 2 -2. Definition of the coordinate system in a toroidal

electric sector.
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path length is given from the algebraic relation:

(= e

llﬂdw R
N (2-6)

ds= [)5’2-+-(po--l-x)2-!~y’2

where a prime denotes d/dw. The relationships between the in-
clination angles of the ion trajectory from the optic axis,
a(w) and B(w), and the derivatives of the spatial coordinates,
x'(w) and y'(w), are tana=x'/(py+x) and tanB=y'/(py+x),
respectively. Therefore, the line element, ds, is expressed
as:

ds = [po + x][1 + tan’a + tan?8]*dw (2.7)

The velocity, v, of an arbitrary particle in an electric field

is calculated from the energy conservation equation as:

;= [z(U— e¢)]’ﬂ

m

BT

my Us/ € my/eq

12
=u0[1+8—i¢] n+y]7'7

c

where y, i1s the electric rigidity of an electric field defined
as xg=2Ug/eg. And ¢(x,y) is an electric potential of the
toroidal field which is assumed as ¢(0,0)=0 along the optic
axis. The electric potential should satisfy the Laplace

equation, Ad(x,y)=0. The mirror symmetric condition, ¢ (x,y)=

-15-



®(x,-v), with respect to the median plane should also be applied
to the the electric potential, because the structure of the
toroidal condenser is mirror symmetric. The electric potential
of the toroidal electric field can be expressed as a power
series expansion around the optic axis. The expression of the

potential was obtained by Wollnik et al. [2-4] as:

2 2
X Qg9 X 1 y a 1 Xy
X, p)=x | =+ R~ sl tan)ls 4RIt (1—ay— ay) 2+ -

(2-9)

where a,g and a3y are the field indices of the toroidal
electric field, respectively. They are determined by the shape
of the electrodes of the toroidal condenser. Note that here,
the so-called toroidal factor of the electric sector, c, is
given by the equation c=-1-a5g5-

The path length deviation defined in Eg. 2-5 of an ar-
bitrary particle is expressed as a function of x(w), tana(w),
y(w), B(w), Y and §, which are assumed to be first-order small
guantities. Therefore, we may express the path length devia-
tion as a power series expansion of them. Introducing Egs. 2-
7,8,9 to Egq. 2-5 and expanding up to the third order, the ob-

tained expression is:
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[=judw 2x+%°— poﬁ-i—i:x + xy— 2x6+ o? % 2
0 o
2
Po 3p0 .7 f 2, Po 2 /3 3 2+k; 2
P s+ 2524 L2y 02 2 7y
2
_ 1243k x26 + xo? —lxy —xy8+ =5 sz f"xy + x8?
4po 4 4 Po
p p 3po y
Po 2 Po 2 o v28 + 52 4 —2L vyyp2
TROY T 6+16 TR 6Y a0
5Po 3k)2, Po .
2 3 2 Pogp2
Boyp? - 08> — g r oy~ 8
(2-10)

where f1, f2, f3, f4, kx and ky are constants related to the

field indices, asg and azgs as defined in Table 2-1.

TABLE 2-1.

Abbreviations used in this section.
Symbol Meaning
f] ‘}(5+ 020)
/2 v —31(1+ ay)
5 ' 4+2a.,+gay,
Ja —3(3+5ay + ay)
k., 1/3-’r— aq0
Sy sin Kk w
Cx cos k w
s, sin kyw
c, cos kyw

The spatial deviation x(w), y(w) and inclination angles o (w)
and B({w) in Eq. 2-10 are functions of w, and aﬁ explicit form
of them is necessary to calculate the path length deviation.
The deviations and inclination angles of the ion trajectory can

be obtained by solving the trajectory equations of the toroidal

~17-



condenser. The third-order deviation x{(w), the second-order
deviation y(w), and the second-order inclination angles a(w)

and B(w) in Ref. 2-3 are expressed as follows:

s 1—-c¢
Jc=cxxo-i-————p0 x(tanao)-i-————pO( 3 x)
k, k

x

+ Y mH(xx|m)x2+ Y, mH(xa|m)xoaq+ ), mH(x8|m)xo8
+§ZmH(aaIm)a3+ glmH(orﬁlm)aoﬁ+Emrru‘l(at‘ilm)ﬁ2
+ElmH(yylm)yo2 + X mH(yB1m) yoBo+ Y, mH( BB |m) B

+ ZmH(xxxlm)xé+”1‘},mH(xxalm)x§ao:ZmH(xxﬁlm)xér‘S

+ %‘my(ma; m)xoad + ¥ mH(xad|m)xqaed + Y, mH(x88|m)x,8”

+ Y mH(xyy|m)xoyd + 2 mH(xyB|m)xo¥oBo + Y mH(xBB|m)xoBo
+ )SmH(aaa|m)a3 + Z';H(aaalm)aéﬁ + }:m};(mf;es|m)azo«32

+ :‘:mH(cryylm)oroy2 + Y mH(ayBIm)aoyoBo + Y, mH(apB|m)aobs
+£mH(866|m)63 +Z;H(ayy|m)3yg+ZmH(;yBlm)ﬁyoBo

+ 3, mH(88B1m)8P;
k.s

s
% xo + C.(tan &) +k—’8
X

tana= —
Po

+ Y mH'(xx|m)xg + ZmH'(xalm)xoao + ZmH'(xﬁlm)xots

m

+ ZmH’(aalm)ao + }:mH (a8 m)agd + z,mH’(88|m)62

+ZmH (yylm))’ +ZmH }’Bl’"))’oﬁo+ZMH(Bﬁ|m)Bo

pOSy
y=c¢yot+ 5 ho
¥

+ Y mH(yx|m) yoxo+ 3 mH(ya|m) yoao + ZmH (y81m)yd

n nt

+ ):mH(ﬁﬂm)BoXo + ZmH(Balm)Boao+ZmH(,38|m)Bo
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k s

+ ZmH'(}’le))’oXo'*‘ ZmH’(yalm)yoao + EmH'(ySlm)yob‘

+ ZmH’(Bx|m)Boxo + Y mH(Ba|m)Byay + Y mH' (B8 m)Bysd

(2-11)

s, and c,, are defined in Table 2-1. The

Sxr Cxr Sy y

where L ky,
elements of the H-matrix, H(xx]m), H'(xx[m), H(xxx|m), etc.,
have been defined in Egs. (19a,b), (22a,b) and (26) of Ref. 2-

3, respectively. The symbol m represents one of the following

functions,
(1, Syr Cxr W, SyS,, S.Cy, S0, CW, sysy, sycy, S« SySy
SySyCyxr SySyW, SyCuw, S,WW, CLWw, sxsysy, sxsycy, cxsysy,

cxsycy, sysyw, sycyw, sy, cy, sty' sxcy, sty' cxcy).

Introducing Egs. 2-11 into Eq. 2-10 and performing the in-
tegration with respect to w, we obtain the path length devia-
tion in the toroidal electric sector to a third-order
approximation. The final expression of the path length
deviation, &, is expressed as a power series expansion of a

initial conditions, xg, tanag, vg, BO, Y and .

-19-



[=(l1x)xq+(l|a)(tan ag) +(/|y)y +(/18)8
+ (1 xx)x2 + (I xa) xgag + (] xy) xoY + (1| x8) xod + (/| ac) ad
+ (/] ay)aey + (I ad)aed + (| yy)y* +(1|v8)¥s +(!88)8*
+(11yp)yd +(11yB) yobBo+(118B)Bs
+(I|xxx)x3-+(lexa)xgao-F(l]xxy)xgy-+(l|xx8)x§8
+ (1]xaa)x0a5+([|xay)xoaoy + (/| xa8)xgaod + (/1 xyY)xoY?
+ (1] x8) xo¥8 + (1] x88) xo8% + (1 | xpy ) xo0¥5 + (1 |xy8) X0 yoBo
+ (1] xBB) xoB + (I cacr) ey + (| acry ) ady + (/| acrd ) agd
+ (Hooyy) etgy? + (1] ay8) agyd + (1] a88) agd® + (I ayy) o ys
+ (1 ayB) ayoBo + (11 aBB) aoBd + (11yyy)y’ +(117v8)Y?s
+(11788)v82 + (1 1yyy) vyg + (11 7yB) vyeBo + (1148B) 8o
+(11888)8% +(118yy)8y3 +(118yB)8yoBo +(118BB)8Ps

(2-12)

To calculate the explicit form of these coefficients, one has

to achieve the integrations, [fmdw . The results are denoted
by F(m) and are given in Appendix 1. Then the coefficients are
given by:

(71x)=2F(c,)

(ua)=F(s,)[ . ]

(1) = F()| 2]
2

- Po _Po . —-2p,

(118) = F(1) &3 + Fc.) = ]

1= POt |+ FeofaACatca)
+F(stx)[2H(xx|5x5x)_£_:)+_2’%:0}

(/| xa) = F(sx)[2H(xa|sx)] +F(sxcx)[2h'(xa|sxcx) +2—l{—l~ k.,

(Hxy)=F(c,)
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f1

(1)1x8)= F(l)[2H(x8|1)

+ F(c )[21—1(x<‘)‘|cx)+Zkfzl —2}

X x

21
Pr

X

+F(Sx-"x)l2H(X8|513x)+ + F(s,0)[2H(x8|5.0)]

(/|aa) = F(l)[2H(aa|1) +%9] +F(cx)[2H(aa|cx)]

+ F(s,S )[2H(aa|s s )+f;cp° 29]

X

(11ay>=F(sx)[,‘j—i}

(11ad) = F(s,)[ZH(a6|x)+ /1P 2k°}+F(st,){2H(a8|s_,cx)
— 2f13!’o+£g +F(cxw)[2H(a3|cxw)]

o

(11v8) = F(l)l%—@]ﬂf( )l kz]

(1|77)=F(l)[—

2fip 2p 3po
(1188) = F(l)[ZH(88|l)+ I o _ k2°+_8_]

X

+F(cx)[2H(68|cx)_2_{cl_f_o+ 2:20}

X
flpo 4+ Po

k: 2k + F(s,0)[2H(885,0)]

+F(sxsx){2H(8813,sx) -

(1) = P[0 + 2 |+ rieolntmie)

+F(s,s,)[2H(yy Is,5,)]
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2-3. Third-order flight times in an electric quadrupole lens

In an electric quadrupole lens, the cartesian coordinate
system (x, y, z) is used. The x-axis is perpendicular to the
principal trajectory of the quadrupole lens in the median
plane. The y-axis is perpendicular to the median plane, and
the z-axis is tangent to the principal trajectory. The
electric potential ¢(x,y) in the electric quadrupole lens 1is

given as:

$(x,y)=ZEk(x7 - »?) (2-14)

where X, 1s the electric rigidity defined in Eq. 2-8, and k2 is
the gradient of the field strength divided by the electric
rigidity. The third-order ion trajectory in electric quad-
rupoles was obtained by Smith [2-5] and Fujita et al. [2-6].
The path length deviation of the quadrupole lens, with ef-

fective length L, is calculated by the equation:
Y
I——j:uds L (2-15)

where ds=(1+x'2+y'2)1/2dz. A prime denotes d/dz. The velocity
v of an arbitrary particle is given by Eg. 2-8, where the
electric potential ¢ is given in Eg. 2-14. Introducing the
results of the trajectory calculation and the electric poten-
tial into Eg. 2-15, the third-order expression of the path
length deviation in the guadrupole lens can be derived as a

power series similar to Eg. 2-12. The coefficients of a power
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series are:

(11x)=0, (11a) =0, (11y) =5, (118)= = 5,

(1|xx)=k2%, (11xa)=0, (I]xy)=0, (I|{x8)=0,
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(11xB88)=0, (/|aaa) =0, (1[aay)=-ﬁ'—', (/| aab) = — -i;, (Ileyy)=0,

(I|ay8)=0, (I]1a88)=0, (/|ayy)=0, (/|ayB) =0,

3L
(11eBB)=0, (”YYY)=%, (1[778)=TLE, (IIY&S):Tg’
(uww%=—BﬁL,Urnﬂ)=Q(u#m)=§,

2

(11888) = — 2=, (118yy) = 25, (11858) = 0. (11988)

I

IR

(2-16)

2-4. Third-order flight times in a drift space

Knowledge of the path length deviation through a drift
space is necessary to estimate flight times in the whole
system. The path length deviation in the drift space of length

L is obtained by the equation:
= [ oy,
1_/:ud’ L (2-17)

The non-vanishing coefficients of the power series of the path

length deviation in the drift space are:
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L L L
(IIY)="§,(113)= ——2,(110!0‘):_2,(“77)'—‘ -3
L
(11v8)= — i’(”&s):3:,(1133)=—§,(1lw7)=—4,
L 3L
(/| aad) = —%,(1|YYY)=%,(IIYY5)=R,(/IY53)=T6—,

5L. L
(IIYB.B)=§, (11688) = ——1-6—,(”33/3): -7

(2-18)

2-5. Influences of fringing fields on flight time

In previous sections, the flight time of charged particles
in a toroidal electric condenser and an electric quadrupole
lens were calculated in the third-order approximation. These
calculations, however, are only concerned with the idealized
main region of the electric fields. When charged particles
pass through a real toroidal electric condenser, they have to
travel through fringing fields at the entrance and exit of the
condenser. The influences of fringing fields on flight times
of charged particles can not be neglected in the third-order
approximation. The influences of fringing fields of the
toroidal condenser on the particle trajectories were calculated
by Matsuda in the third-order aoproximation [2-7]. The
results of the calculation, the effects of the fringing-fields
were expressed as a small shift and bend of the ion trajectory
at the ideal field boundaries of the condenser. In this
section, the third-order influences of the fringing-fields on
the flight times of the toroidal condenser are calculated by

extending the theory of Ref. 2-7. The results are expressed as
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a small change of the path length deviation at the ideal field
boundaries of the condenser.

Firstly, we consider the effect of the entrance fringing
field. Following Ref. 2-7, the rectangular coordinate system
( £, n, ¢) is used as shown in Fig. 2-3, where the £-n plain
coincides with the median plane. Ry is the radius of curvature
of the main path in the toroidal electric field. 1In this
figure, the optic axis and real trajectory are given as the
results of Ref. 2-7. The £-r plane coincides with the ideal
field boundary. The fringing field is represented by the dis-
tribution function of the electric field E(n) along n-axis.
The function vanishes at the point n, and gradually increases
with n and is equal to E; (= X /Rg) at the point ny, as shown

in Fig. 2-4.
E('q)A

N

Na 0 !

Fig. 2-4. The distribution function E(n)

of the fringing field along the
n—axis.

The length of the fringing field region between n, and ny is
assumed to be first order small gquantity. The curvature of ef-
fective field boundary in the n-rz plane is represented bv g and

other abbreviations in this section are same as Ref. 2-7. The
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small shift and bend of the optic axis, Au and Aq, were given
in Egs. (57) and (58) in Ref. 2-7. The transformation at the
entrance fringing field of an arbitrary particle between (uq,
tanc,, vq, 81) and (u,, tanc,, v,, B>) were calculated in Egs.
(60)-(63) of Ref. 2-7.

The path length deviation of the charged particle in

travel from n, to Ny is given as:

0 _ds _ 1. 3_ (2-19)
dn Ro(nb +E knb ny)

v(n) dn

The differential element, ds, is given as:

1
2 2 .2
ds = RO (1 +tan"a +tan B) dn (2-20)

The inverse velocity, 1/v(n), was calculated in Eg. (31) of
Ref. 2-7 as:

-+ | 1 3

2 l " -

1/vin) = (20,/m) [1-56+ (E/Ej)E - & (E /EQ) & (k/EO)IJBdnd“

+ (k/Eg)n[EAN + (B/Ey) (kI -%(k+o)£? - 36 +1cr?)

2
+ (&' /Eg) {-3kEPn + 387 /a - 587 /a) - /By (3x1, £?)

3,.2,.2 .2 .32
+=(E7/E7 . )ET +367)
25 /50 8 (2-21)

The £€(n), £(n), sina(n) and sing(n) are also functions of n in
the fringing field region, the explicit expressions for them
were given in Egs. (32)-(35) of Ref. 2-7. The second-order E(n)

and first-order ¢(n), sina{n), sinB(n) are given as:
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£(n) =€ +a_n - (1/E;) [[Ednan +%512 E/E,

z(n) =l:l

. . 1, 2_,
sina{n) =51naa-—(l/E0)fEdn-+§El E /EO

sinB(n) =sinBa (2-22)

Introducing Egs. 2-20,21,22 into Eg. 2-19 and performing the
integration with respect to n, we obtain the path length devia-
tion of an arbitrary particle from ny, tony. The result is

given as:

1
A (m_nc]))j [n, —n_ -I.n, +2KI, +§I3a +%knb3 +&qny
-2, T) -390, wng) +£, 7031, +3(4 -k ~cIn,}
—%Elénb +%°‘a2 (np —ny) +%52 (ny, =g
-+%§12 (c-—k)nb-%Baz(nb“ﬂa)‘*%ng/q

2 2
+€, % -26.¢.%/q)

1 3
Ro (npy +g kng™ = ny)
(2-23)
where I4,, I,, I3, and I4, are definite integrals which depend

on the fringing field distribution E(n). These were defined by

Egs. (39), (41), (42) and (44) of Ref. 2-7 as:
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b 2

I, = Eo”l fafEdndn'-%ﬂb

I, = Ealf:n(J'Edn)dn —%’—nb?’

I, = EO—Z j:(jEdn)zdn~—% 53

Tya = Bo - I:Ezd“_“b (2-24)

The effect of the fringing field on the flight time should
be translated into the transformation at the ideal filed |
boundary. Therefore, na=0, nb=0, k=1 and m:m0(1¥Y) are intro-
duced into Eg. 2-23. The &4, 05, Tq. Ba become uq, &4, Vq, 81

using the transformation of Egq. (59) of Ref. 2-7 as:

L
a, = al-+Aa

ST

Ba = By (2-25)

The final expression of the influence of the entrance fringing
field on flight time is obtained. It is expressed as the
transformation of the path length deviation from 2, to 2, at

the ideal field boundary.
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2 1 1a70%

+3I4aR

071

3
2I2R0 +§-13aR

AL 0

(2-26)

where A% is the path length deviation between the real main
path and the optic axis.

The transformation of the trajectory at the exit side of the
fringing field, (u3, tantz, vg, 63) to (u,, tana,, vy, By) were
obtained in Egs. (66)-(69) of Ref. 2-7. The transformation of
the path length deviation of the exit fringing field from £3 to
24 at the ideal field boundary can be obtained from Eg. 2-26 by
substituting uq=Uy, Gq=-Gyg, V1=Vg, 21=-24 and L25=-23- The

result is:

R R
2 0 3 2 0 2

4 3 1 o, + 31 aR

073 4a” 0

In an electric guadrupole lens, the influences of the
fringing fields on the ion trajectory were calculated by Mat-
suda et al. [2-8). From using these results, the effects of
the fringing-fields of the guadrupole lens on the flight times

can be neglected in a third-order approximation.

2-6. General transfer matrices and computer program

The third-order flight times in the toroidal electric
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condenser, the electric quadrupole lens and the drift space are
calculated as path length deviations. The results of the cal-
culations are expressed as a power series expansion of the ini-
tial conditions of the ion; xy, tancg, Yg: Bor Y and §, to a
third-order approximation. The coefficients of the power
series are given in explicit forms for the guadrupole lens and
the drift space. For a toroidal condenser, the explicit forms
of the coefficients will be very long and complicated.
Therefore, we express them by using the H-matrix and the func-
tion F(m). The H-matrix is.given by the results of the trajec-’
tory calculations for the toroidal condenser in Ref. 2-3. The
function F(m) is the result of integrating the respective m
function with respect to w, and an explicit form of F(m) is
given in Appendix 1. These expressions are convenient for
programming and debugging.

The influences of the fringing fields on flight times are
also calculated as the small change of the path length devia-

tion at the ideal field boundaries.

The trajectories and flignt times of charged particles can
be expressed by a general transfer matrix, which contains one
extra row and column for the flight time [2-9]. The transfer
matrix of an ion-optical device is obtained by the multiplica-
tion of three matrices, for the entrance fringing field, for
the ideal main region and for the exit fringing field. The
elements of the last row of each transfer matrix are given by
the coefficients obtained in previous sections. Flight times

in a TOF mass spectrometer, or an ion-optical system, can Dbe
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expressed as a total transfer matrix obtained by making the
matrix product of the general transfer matrices for respective
ion-optical devices. The_ion—optical characteristics of the
TOS mass spectrometer can be estimated by taking the product of
these general transfer matrices. The general transfer matrix
for the third-order approximation is shown schematically in
Fig. 2-5.

The computer procram 'TRIO' was already developed bylMat—
suo et. al [2-108] for the calculation of the ion trajectory. A
new computer progran, which calculates the elements of the
general transfer matrix numerically, has been constructed by
modification of TRID. The coefficients of the path length
deviation of the TOF mass spectrometer can be calculated up to

third-order by this program.

xu.ou.o-o:-\nai2?8@22&3823?3&22‘3:&

Xd-oxxxddﬂhhﬂxxxxxxxxx_oddddd-oo«:hoo(
x RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR__
a RIRIRIRIRIRIR[RIRIR[RIR[R[RI[RIR|RIR|R[R|R[RIRIRIRIRIRIRIRIRIR
6 1
XX RIR|RIR]|R[R RIRIR[RIR[R[R|RI|R|RIR|R|RIR|R[R[RIRIR
xa RIRIRIR[RI[R RIRIR|RIR|RIR[RIR[R[RIRIRIRIR]|RIRIR|R
x5 R |R[R R] [R{R R[R R{R[R|R
aa R[RIR{RIRIR RIRIR[R[RIR|RIR[RIR[RIRIR|R[RIRIRIRIR
ab R] [R[R R| [R]R R{R R[R]|R]R
686 1
Yy. RIR|[R R|R[R RIRIR! |R[RIR] |
yp RIRIR RIR[R R[R|R[ |RIR[R
fp RIR{R RIR|R R[R|R] JR|RIR
XXX RIR{R|R|R|R R(R[R R
XX RIR[RIRIRIR R[]]R R
xx8 R{ |IR|R R{R R
xaa R({R[R[R[R]R R|R|R R
xab R] [RIR RIR R
x66 R R | R
xyy RIR|R RIRIR] [RIRIR
xyp RIRIR RIR|R{ [RIRIR] |
xfp RIRIR RIR[R| IR[R|R
aaq R|R|R{RI|R|[R RIKIR Il
aab R{ |RIR R|R R
abb R R R
ayy RIR[R RIRIR| [R|RIR] |
ayp RIR|R RIR[R[ [RIR[R
afp RIR[R R[RIR] [RIRIR
666 1
6y RIRIR
Gy RIRIR
6Bp RIR[R
o S 1 8 U T T8 g g T T T (M [ T T

Fig. 2-5. General transfer matrix of third-order.




REFERENCES

2_1. J.M.B. Bakker, Int. J. Mass Spectrom. Ion Phys., 6 (1971)
291.

2-2. H. Matsuda, T. Matsuo, D. Toanoviciu, H. Wollnik and
V. Rabbel, Int. J. Mass Spectrom. Ion Phys., 42 (1982)

157.

2-3. T. Matsuo, H. Matsuda and H. Wollnik, Nucl. Instrum.
Methods, 103 (1972) 515.

2-4. H. Wollnik, T. Matsuo and H. Matsuda, Nucl. Instrum.
Methods, 102 (1972) 13.

2-5. D.L. Smith, Nucl Instrum. Methods, 79 (1970) 144.

2-6. Y. Fujita and H. Matsuda, Nucl. Instrum. Methods, 123
(1975) 495.

2-7. H. Matsuda, Nucl. Instrum. Methods, 391 (1971) 637.

2_.8. H. Matsuda and H. Wollnik, Nucl. Instrum. Methods.
103 (1972) 117.

2.9. W.G. Davies, Nucl. Instrum. Methods. 169 (1980) 337.

2-10. T. Matsuo, H. Matsuda, Y. Fujita and H. Wollnik, Mass
spectrosc. (Jpn), 24 (1976) 19.

47—



3. ION OPTICS OF TIME-OF-FLIGHT MASS SPECTROMETERS WITH

MULTIPLE FOCUSING

3-1. Isochronous and spatial focusing

In a TOF mass spectrometer, the spatial deviations (x£,
Y¢), the inclination angles (ag, Bf) and the path length devia-
tion (lf) of an ion at a detector are given in a first-order

approximation as:

X=X x

5 O-+Xau +X.68

0 $

af==AxxO~+Aaa0-+A66

yf==Yyy0 +YBBO
Bf =Byyo +BBBO

£.=1L x

+
%0 Laa +Lgo

0" TsT | o (3-1)

where x3j and y, are the half width and height of a source slit,
respectively, oy and Bo are the horizontal and vertical in-
clination angles at the source slit, respectively, and 8§ is the

relative energy deviation.

Because the flight time of an ion is proportional to the
square root of its mass, the mass resolution, M/AM, of the TOF

system is given by the half of the time resolution of the

system.
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{3-2)

where Tg is the flight time of the ion given in Eg. 2-3.

At expresses the resolvable time width, which is given by

Zf/vo +to +td, where Vo is the velocity oi a reference ion,

to is the duration of operation of the ion source and ty 1is

the time resolution of the detection system. The flight time,
T¢, is given by Lg/vy, where Lg is the total flight length,
therefore the mass resolving power of the TOF mass spectrometer

can be expressed as:

M Lg

AM 2(2f-+v0t0-+v0td) (3-3)

The path length deviation, lf, is given, in the third-order

approximation, as:

2 2 2
- + §” +L
2 -—Lxx0-+Laa0-+L66 +L_.% -+La5a05 Léé yyyo

2

3
+L BO +IBBBO +L +1L

2 2
ay 6 +L and
vB8Y0 0 a8 0

a
aoa O aod

3 2

5
aOBO +L6666 -+L6yy6y0

2
+
*Toyy®0¥ 0 T Tays®0¥oPo T Tesp

2
+Lsys¥0P0 TLsppPo

(3-4)

where the coefficients can be calculated by the computer

program described in Chapter 2.

A small denominator of Eqg. 3-3 is necessary to achieved a

high resolving power in the TOF system. In order to minimize
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the path length deviation, the condition of triple isochronous
focusing (LX=O, Lh:O, L6=O) should be met. Furthermore, the
higher-order coefficients should be small. Both fast pulse
operation of an ion source and precise time measuring are also
required for high_resolution.' A large numerator of Eq. 3-3
also increases the resolving power of the system, therefore a
long flight path is also required. From a practical viewpoint,
small geometrical size is desirable, therefore, it is
preferable to devise a compact configuration with long path
length.

In order to increase the ion transmission efficiency of
the TOF system, 2-dimensional stigmatic fdcusing and energy
focusing in space are necessary. T;iple spatial focusing (Xa
=0, YB:O' X5=0) is also required. The TOF system will have a
large acceptance area for an ion beam diverging with a wide
solid angle, if the condition of the spatial focusing is
achieved.

There are several requirements mentioned above in order to
attain high performance in a TOF mass spectrometer. 1In this
chapter, ion optical designs of the TOF systems which have a
capacity for high resolution and high transmission are inves-
tigated in detail. Other practical improvements in both the
ion soufce and the detection system will be given in a later
chapter. The procedure of the investigation of the TOF system
is as follows:

At first, the conditions for the first-order focusing were
considered in an ion-optical system. All the possible

solutions, which satisfy both isochronous focusing and spatial
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focusing, were studied. Then, the systems were estimated to a
higher-order property of ion-optical characteristics. The
geometrical configuration were also congidered for each system.
The method of transfer matrix analysis is convenient for
the systematic search for multiple focusing systems. The
first-order relations of Egs. 3-1 are expressed by ﬁsing the

total transfer matrix [R] of the system as:

Xg ] IREY
le 0,0
Tf _ R Yo
f Bo
S 8
2
L £ " i Llo_
where Xx Xa 0 0 X5 0 7]
A A 0 0] A 0
X o 8
0 0 Y YB 0 0
[R] = ¥
. 0
0 By BB 0 0
0 0 0 0 1 0
LLX La 0 0 L6 l_J (3-5)

The conditions for the triple isochronous and triple spatial

focusing are given respectively as:

L =0, L =0, L5=0 and XO.:U’ YB=D, XGZO (3-6)

Since we usually measure ions which are accelerated by a
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constant voltage in the ion source, only ion-optical devices
with electric field are used as actual components in the
analyzer for the TOF system. 1In order to achieve the
isochronous focusing with energy spread, the spatial dispersive
effect of an analyzer is necessary, thus, the use of an
electric sector is considered.

The system consisting of a single toroidal electric sector
is shown schematically in Fig. 3-1. The first-order coeffi-
cients of the total transfer matrix are the functions of the
lengths of the two drift spaces, Dy and D5, and the constants

of the toroidal electric sector (mean radius, a deflection

o7
angle, ¢e ; field index, c). One of the three parameters of
D;, Dy, and ag is a normalization factor of the size of the
system. Therefore, the number of adjustable parameters of the
system with a single toroidal sector is four. On the other
hand, the number of independent eguations of six-fold multiple
focusing given in Egs. 3-6 is five. Consequently, six-fold
focusing can not be achieved simultaneously by using a single

toroidal sector, because the number of parameters of the system

is insufficient for the number of the equations.

3-2. Symmetrical systems consisting of two electric fields

In order to obtain the solution of the six-fold multiple
focusing conaitions given in Egs. 3-6, tandem arrangements of
toroidal electric sectors were considered. The ion-optical
system consisting of two similar electric sectors is schemati-
cally shown in Fig. 3-2. 1In this case, three drift regions

{length Dy, Dy, D3) exist. Therefore, the number of parameters
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TOROIDAL
ELECTRIC
SECTOR field index C

Fig. 3 - 1. Schematic diagram of an ion-optical

system consisting of. a single toroidal

electric sector.
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Fig. 3 -2. Schmatic drawing of an ion-optical
system consisting of two similar

toroidal electric sectors.
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in the system without the normalization factor is five. This
number coincides with that of the independent equations of the i
conditions of six-fold multiple‘focusing. This suggests the |
existence of solutions of the ion-optical design, which satisfy
multiple focusing simultaneously.
In the search for the solutions, the consideration of a
symmetrical arrangement is very useful. If the symmetrical
‘alignment is utilized, the number of equations to be satis-
fied ‘is reduced from five to four. Let us consider sym-
metrical systems consisting of two similar electric sectors as
shown in Fig. 3-3. The first half part of the whole system is : i
composed of the first drift region (length Dy), the toroidal '
electric sector (ae, bear c) and the second drift region (length
Dy). As the latter half is a symmetrical figure of the first
half, its components are, in order, drift region (D2), a
similar toroidal sector and drift region (D1). Four different
cases shown in Fig. 3-3 (a-d) can be applied to the system con-
sisting of two electric sectors, considering both the direction
of the deflection of the two sectors, and an image profile at
the intermediate position. We define the systems shown in
Figs. 3-3 (a) and (b) as point symmetrical and those shown in
Figs. 3-3 (c) and (d) as plane symmetrical. 'Point
symmetrical' means that the both figures of the first half and
latter half coincide after 180° rotation with respect to the
symmetrical point. The 'plane symmetrical' means coincidence
after reflection by a mirror on the symmetrical plane. The
general tranéfer matrix, [Q], which expresses the first half of

the whole system is considered. The matrix elements of {Q] are
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defined as:

[ (x|x) (x|a) O 0 (x|8) O
(a|x) (a]a) O 0 (e]8) O
0 0
(0] = 0 0 (vly) I8

0 0 (Bly) (8]8) 0O 0
0 0 0 0 1 0

| (e]x)  (2]a) O 0 (2]8) 1

(3-7)

We discuss the relationships between the multiple focusing con-

ditions in Egs. 3-6 and the elements of matrix [Q].

3-2-a. Point-symmetrical system with an intermediate image

([0*]-(Q] system)
Two similar electric fields are arranged as shown in Fig.
3-3 (a). Here the first half and the latter half are point
symmetrical with respect to the intermediate point O. 1In this
case, the existence of an intermediate image at the point O is
assumed. The matrices [Q] and [Q*] express the former and the

latter half of the whole system, respectively. The total

transfer matrix [R] is expressed to be [R]=[Q*]-[Q], where [Q¥]
is a point-symmetrical matrix of [Q] and the symbol '-' indi-
cates that the system has an intermediate image. It should be

a) of matrix [Q] is assumed to be

noted that the element (x

zero from the condition of an intermediate image. The elements
of the point symmetrical matrix [Q*] are expressed by the ele-

ments of matrix [Q]. The relationships between them are given

in Appendix 2.

After the multiplication of [Q*]-[Q], the total transfer
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matrix [R] is given by the terms of the elements of matrix [Q]

as:
B 0 0 0 2(x|8)(ala) 0_
2(x|x)(alx) 1 0 0 2(x18)(alx) 0
0 0 2(¥1)(BIB) -1 2(¥IB)(BIB) 0 0
(rR]=|° 0 2(¥1¥)(Bly) (¥} BIBY-1 0 0
0 0 0 0 1 0
2(-"'-")(&“‘)(”&) 2(I[a) ‘0 0 2(”6)_2(_‘15)(“'0)(”:) 1
L +2(x|8)(xjx)(/la)
(3-8)

Therefore, the six coefficients are expressed as:

X =0
a

Xg = 2(x|8) (a]a)

Vg = 2(y|B) (B|B)

L= 2(x|x) (a]|x)(2]a)

X .

L = 2(2]a)

(e}

L= 2(2]8) - 2(x|8) (a]o) (2]x) + 2(x]8) (a]x) (2]a)

(3-9)

Applying the multiple focusing conditions given in Egs. 3-6,

one obtains the necessary conditions as:

(xla) =0
2(x18)(afa) =0
2(y1B)(BIB) =0
2(x|x)(afx)(l]a) = 0
2(/le) =0

2(118) ~ 2(x18) (aler)(/|x) +2(x18)(efx)({|a) = O
(3-10)
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On the other hand, the elements of a transfer matrix have
always the following relations in any transfer matrix, if the

dispersive elements of the matrix are given by mass and energy

mode.

Il
=

(x!x) (a]a) - (x]a) (a]x)

i
H

(yly) (8]8) - (v18) (8ly)
(11x) = 2[ (x|x)(al8) — (x18)(alx)]

(1) = 2[ (xle)(l8) — (x18)(ala)]
(3-11)

In these equations, the first two equations are the repre-
sentation of the well-known Liouville's theorem. The other two
equations, reported by Wollnik et al. [3-1], are obtained by
the condition of symplecticity. By introducing Egs. 3-11 into

Egs. 3-10, one can simplify the reguirements for the multiple

focusing to give:

(x|a)=0
(x18)=0
(718)=0
(y18)(BI18)=0

(3-12)

The elements of matrix [Q] in Egs. 3-12 are complicated func-

tions of the two drift lengths (Dq, Ds) and the parameters of
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the toroidal field (a c). An exhaustive investigation of

or Por
the solutions for Egs. 3-12 was accomplished. Six feasible
systems gave all possible solutions, and are given in Table 3-
1. In this table, the second and third-order coefficients,
which are numerically calculated by using the computer program
discussed in Chapter 2, are also given. All parameters are
normalized to give an unit length of total path. These systems

are shown schematically in Fig. 3-4. The system a-4 is the

same as that proposed by Poschenrieder [1-9].

3-2-b. Point-symmetrical system without an intermediate image

([Q*1/[0Q] system: parallel at a symmetrical point)

The schematic diagram of this configuration is shown in
Fig. 3-3 (b). Similar to the previous case, the first half,
[(Ql, and the latter half, [Q*], are point symmetrical with
respect to point 0. The total transfer matrix [R] can be writ-
ten as [(R1=[Q*]1/[Q], where the symbol '/' indicates that the
beam is parallel between the sectors. The matrix [Q] is given
by Eg. 3-7, but the element (a|a) is equal to zero instead of
(x|a)=0 from the condition of the parallel beam. After per-
forming the matrix product of [Q*]/[Q], the total transfer

matrix [R] is expressed by the elements of [Q] as:

-1 0 0 0 0 0
2(x|x)(alx) -1 0 0 2(x|8)(=aix) o
0 0 2(yix)(BIB)-1 2(¥1B)(BIB) 0 0
[R]=] o 0 2(¥ly)(BI¥) 2(yly)(BIBY~1 O 0
0 00 0 1 0
2(J)x)+ 2(x|x)(alx)(lla) O O 0 2(018) +2(x|8)(adx }(Ha) 1.

(3-13)
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Table 3-1.
a-1
a 0.0717
e
9, 160.9
c 0.1156
.1493
Dl 0.149
.14
D2 0 93
L 0.0000
x .
L 0.0000
o
.00
L5 0 00
L -0.35
(10} :
Laé 0.31
L56 0.29
L 3.01
YY
L 0.00
vB
L 0.40
BB
L 36
o
-4
Laaa K
Loss 22
Lsss -4
L 9
ayy
5
oyB
IhBB 0
L -10
Syy
L. 0
SyB
L
588 1

Six solutions of the multiple focusing TOF

systems of case (a) in Fig. 3-3.
coefficients are also given.

a-2

0.0659

164.4°

0.2440

0.1555

0.1555

0.0000

0.0000

0.0000

55.11

10.75

53

-70

31

-10

35

-150

-47

a-3
0.0348
197-1°‘
0.9360
0.1901

0.1904

0.0000
0.0000

0.0000

-0.74
0.49
0.69

18.93

-0.02

-0.72

607
-606
202
-22
-301
-82
-14
150

32
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a-4

0.0326

200.9°

0.9849

0.1297

0.1930

0.0000

0.0000

0.0000

-0.79

765

-741

240

-25

-530

-189

-18

-70

13

Aberration
a->5 a-6

0.0101 0.0101
290.1° 291 .4°
1.5576 1.5614
0.2243 0.2243
0.2244 0.2243
0.0000 0.0QOO
0.0000 0.0000
0.0000 0.0000
-3.41 -3.45
1.38 1.40
1.94 1.98
35.29 120.68
-0.26 33.86
-2.07 1.90
28626 29190
-17347 -17753
3509 3605
-229 -236
30549 175332
-1597 30148
1628 1587
-8232 -49102
502 -8529
-459 -465
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The necessary conditions for matrix elements of [Q] to obtain
multiple (six-fold) focusing can be derived from Eg. 3-13 by

using Egs. 3-11 as:

(aja)=0
(x|8)=0
(118)=0
(1B)(BIB)=0 (3-14)

All feasible systems are shown in Table 3-2. These systems are
shown schematically in Fig. 3-5. The system b-2 is the same as

that proposed by Poschenrieder.

3-2-c. Plane-symmetrical system with an intermediate image

([Q'1-[Q] system)

The schematic diagram of this configuration is shown in
Fig. 3-3 (c). The total transfer matrix [R] can be obtained in
the form [R]=[Q']-[Q] where [Q'] is the plane-symmetrical
matrix of [Q]. The elements of matrix [Q'] can be expressed by
the elements of matrix [Q]. The detailed relationships are
also given in the Appendix 2. The matrix [R] is expressed by

the elements of [Q] as:

1 g O 0 0 0
2(x|x)(elx) 10 0 20x1) (1) °
0 0 2(yl¥)BIB)—1 2(yIB)BIB) 0 0
(rR)=1 o 0 2(yly)(Bly) 2(yly)(BIB)—-1 O 0
0 0 0 Y 1 0
2(/1x) = 2(x|x)(alx)(fla) O O 0 2(08) = 2(xlx)(18) () !

(3-15)
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Table 3-2.
b-1
a 0.0736
e
.4°
¢, 156
c 0.1609
D 0.0945
1
D, 0.2047
L 0.0000
X
L 0.0000
o3
Ls 0.0000
L 0.12
[e101
.0
Lys 0.00
.30
Lss 0
L 15.26
Yy
L -1.56
“yB
L 0.30
BB
L -1
aoa
L -30
Ladé 0
Lsss -
L -9
ayy
L 10
oyf
L -1
afB
L -37
Syy
Lsyg -5
L
588 1

Six solutions of the multiple focusing TOF mass

systems of case (b) in Fig. 3-3.

coefficients are also given.

b-2

0.0679

159.9°

0.2758

0.0989

0.2117

©.0000

0.0000

0.0000

102.18

12.20

-125

29

-259

-58

b-3

0.0339

196.7°

0.9842

0.1261

0.2575

0.0000

0.0000

0.0000

0.73

35.04

=27

239

-55

104

13
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b-4
0.0324
199.5°
1.017
0.1275

0.2597

0.0000
0.0000

0.0000

93.17

11.65

-381

-30
1150

~21

-621

-25

Aberration

b -5 b-6
0.0101 0.0100
290.1° 291.1°
1.5662 1.5690
0.1490 0.1492
0.2997 0.2999
0.0000 0.0000
0.0000 0.6000
0.0000 0.0000
-0.31 -0.27
-0.01 0.01
2.00 2.01
86.85 208.71
7.47 29.65
-0.65 0.75
-582 249
-8283 -8287
=21 9
~-242 -258
-86023 -269930
13926 -14249
-58 -49
-47252 -138672
3495 -9540
-237 -237
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The necessary conditions of [Q] for the six-fold focusing are:

(xla)=0
(«/6)=0
(/18)=0
(»18)(BI1B) =0 (3-16)

Unfortunately, There is no feasible solution to satisfy Egs. 3-

16 simultaneously.

3-2-d. Plane-symmetrical system without an intermediate image

(IQ'1/[Q] system: parallel at symmetrical plane)

The schematic diagram of this configuration is shown in
Fig. 3-3 (d). The total transfer matrix is written as

[R]=[Q']/[Q]. The matrix [R] is given by:

= 0 0 0 2(xla)(al8) 0]
2(x|x)(alx) -1 Q 0 Z(xlx)(aw) 0
0 0 2(yly)(BIB)—1 2(yiB)(BIB) 0 0
(r]-| © 0 2(xly)(Bly) 2(xyly)(BIB)-1 © 0
0 0 0 0 1 0
—2(x|x )(alx )l 2(lla) © 0 2(418) +2(xfe)(al8)(M1x) 1
(i) (et) k) = 2(xIx)(«18)(!l=)
(3-17)

The necessary conditions for multiple focusing are:

(ala)=0
(a]8)=0
(118)=0
(¥1B)(BIB)=0 (3-18)

Here, no feasible solution was found.
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3-3. Symmetrical systems consisting of three electric fields

-

Consider a system consisting of three similar electric
sectors. The total transfer matrix [R] is considered in two
cases as [R]=[Q']-[Q) or [Q'}/[Q], because only plane-
symmetrical systems are allowed for the whole system. A search
for the feasible systems which satisfy the multiple (six-fold)
focusing produced thirty three examples. The schematic diagram
of the TOF systems consistingrof three electric sectors aré
shown in Fig. 3-6 (a,b). The deflection of the second sector
is the same direction with those of the first and third sectors
in the case (a). Case (b) has an opposite direction of deflec-
tion of the second sector to those of the first and third
sectors. The deflections of the first and third sectors should
coincide by the condition of the symmetrical arrangement of the

system. All of the feasible solutions are listed in Table 3-3.

3-4. Doubly symmetrical systems consisting of four electric

fields

In this section, the systems consisting of four electric
sectors are considered. 1In this case, much more freedom may be
attained in designing a TOF mass spectrometer, even under the
restriction of multiple focusing. Therefore, one can expect
better ion-optical characteristics of the TOF instrument. In
bthe search for the ion-optical systems, a doubly symmetrical
consideration was adopted into the arrangement of four electric
sectors in the system. A system with doubly symmetric can be
realized in the following way. Since the whole system snould

have an intermediate image, two cases [0*]-[Q] and [0']-[Q] are
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Table 3-3. Ion-optical parameters of the multiple focusing
TOF systems consisting of three electric sectors.

a-1
a 0.0341
e
274.7°
¢e 74
C 0.0228
0.0849
Dl
D2 0.1697
a-17
a 0.0637
e
¢ 142.0°
e
c 0.0823
0.0872
Dl
0.1755
D2 175
a- 13
a 0.0068
e
¢e 287.6
c 1.5758
.14
Dl 0.1495
0.2990
D2 9

a-2

0.0328

277.7°

0.0774

0.0871

0.1743

a-8
0.0562

147.1°

0.2451

0.0945

0.1890

a- 14
0.0068

288.9°

1.5795

0.1496

0.2993

a-3

. 0.0320

279.9°
0.1129
0.0886

0.1772

a-9
0.0524

150.1°
0.3287
0.0980

0.1960

a-15
0.0067

289.5°
1.5814
0.1497

0.2994

a-4
0.0252

300.3°

0.4041

0.1007

0.2014

a- 1o
0.1315

54.4°

0.4389

0.1043

0.2085

a->5
0.0238

305.4°
0.4637
0.1032

0.2064

a-11
0.0236

192 .2°
1.0343
0.1272

0.2543

a-17
0.0875

52.5°
0.9709
0.1265

0.2530

a-6
0.0232

307.7°

0.4897

0.1043

0.2086

a-12
0.0228

194.3°

1.0560

0.1281

0.2561

a- 18
0.0740

52.0°

1.1279

0.1331

0.2662



Table 3-3 (continue 4)

b-1
0.0509

152.7°

0.0608

0.0987

0.1975

b-7
0.0068

288.8°

1.5623

0.1496

0.2992

b-2
0.0469

156.3°
0.1880
0.1027

0.2053

b-8
0.0067

290.1°
1.5663
0.1497

0.2995

b-3
0.0447

158.4°

0.2560

0.1049

0.2097

b-9
0.0066

290.7°

1.5682

0.1498

0.2996
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b-4
0.0237

192 _2¢°

0.9316

0.1268

0.2537

0.0260

0.0806

0.1612

b-5
0.0222

196 .4°

0.9840

0.1286

0.2573

0.0876

0.0835

0.1669

b-6
0.0215

198.2°
1.0062
0.1294

0.2588

b- 12
0.0344

271.0°
0.1279
0.0853

0.1705



allowed for the total transfer matrix, [(R}. The half part

of whole system expressed by [Q] may be divided

into two parts by the consideration of the symmetrical
arrangement. If we express the transfer matrix of first half
part of [Q) as [P], four different types: [p*]- [P], [é*]/[P],
(p'1-[(P] and [P']/[P], are possible for the matrix [Q].
Therefore, eight possible combinations can be considered for
the doubly symmetrical system with four electric sectors.

Here, the investigation of the system [R1=[0Q*]-[Q]) with
(0l=[P*)/[P] is described. The schematic arrangement is shown
in Fig. 3-7. The first half part, having the first and second
electric sectors, and latter half, having the third and fourth
sectors are point symmetrical arrangement with respect to the
center of the whole system. The whole system is a point sym-
metrical figure with 180° rotation with respect to the center
point. At the center, an intermediate image exists, because
the beam is focused. In between the first and second sectors,
the beam is not focused. The alignment of the first and second
sectors is also point symmetrical, so the deflection of the two
sectors is in opposite direction. In this case, the total
transfer matrix [R] can be obtained by the multiplication of the
four matrices as: [R]=[P*}/[P]-[P*]/[P].

From the results of the multiplication, [R] can be
expressed by using the elements of matrix [P], which expresses

the first quarter of the whole system with one sector, as:
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(RI=

1 0o o 0 0
—d4(x|x)(alx) 1 0 Y 0
0 0 B(yly)(yIBXBiy)(BIB)+1 a(yIB)(BB)[2(¥Iy)(BIBY—-1] ©
0 0 a(yiy)(BIY) 2y} BIB) -] B( iy )(¥IB)( Bly)(BI1B) +1 ?
0
g g g 0 a(118) + 4(x18 )(alx )(/la)
(3-19)
The six elements of the matrix [R] are:
X =0
o
XS = 0
Yo = 4(y[B) (8]8) [2(y]y) (B]B)-1]
L, = 0
La = 0
(3-20)
Ly = 4(2]8) + 4(x|8) (a|x) (2]a)

The four coefficients of matrix [R], namely Xa, XG' L, and
La' are eliminated by the doubly syﬁmetrical condition. From
the requirements of multiple focﬁsing, the necessary conditions

for the matrix elements of [P] can be obtained by using Egs. 3-

11 as:
(aja) =0
(118) = 2(x|8)(«8) =0
(BB 2(»1y)(BIB) 1] =0 (3-21)

It should be noted that the necessary conditions are relaxed
compared with the previous case, by introducing the doubly sym-
metrical condition. A search was made for the solutions of
Egs. 3-21. A special arrangement of four toroidal sectors for
a TOF mass spectrometer, which satisfies multiple focusing con-

ditions is possible, if the appropriate condition of the
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toroidal electric sector is fulfilled. The relationship of the
deflection angle, ¢e, and the field index, ¢, of the toroidal
sector is shown in Fig. 3-8 by the solid lines. In this
figure, the numbers attached to the lines indicate the number
of focusing nodes in the y-direction. The drift lenéths, D4

and D,, are determined by Egs. 3-21 for each case.

3-5. Higher-order characteristics of doubly symmetrical systems

The previous sections showed that many solutions exist
which satisfy the condition of multiple isochronous and spatial
focusing in the first-order approximation. In order to find
better TOF systems among these solutions, the higher-order
characteristics must be considered. The geometrical configura-
tion of the TOF system is also important from a practical
viewpoint. 1In order to compare the higher-order characteris-
tics of the different types of doubly symmetrical TOF systenms,
five representative cases{ A-E, as shown in Fig. 3-8, were
chosen. The second and third-order coefficients of A-E were
calculated, where the value of the second-order field index of
the toroidal electric field, Cy, was chosen to be -c. The
results are given in Table 3-4. As can be seen from this
table, case D has smaller absolute value of higher-order coef-
ficients than any of the otners. The schematic drawings of the
systems A-E are shown in Fig. 3-9. In this figure, the systems
are normalized to have equal flight length. As can be seen
from this figure, case D has the smallest configuration.

Therefore, the TOF systems near case D was examined in more

detail.
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Table 3-4. Ion-optical parameters and aberration coefficients for
five representative cases: A, B, C, D and E in Fig. 3-8.
Case D' has minimized higher-order aberrations.

A B C D D' E
a, 0.0384 0.0269 0.0101 0.0292 0.0290 0.0214
¢, 170.0° 210.0° 310.0° 270.0° 269.0° 310.0°
c 0.1863 0.7848 1.5121 0.0151 0.0150 0.4743
D, 0.0266 0.0210 0.0228 0.0637 0.0689 0.0470
D, 0.1094 0.1304 0.17626 0.0486 0.0452 0.0870
L, 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
L, 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Lg 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Lo 0.35 0.69 2.25 0.95 0.97 1.33
L 0.81 4.33 29.63 0.73 0.60 3.01
Les 0.69 7.10 98.07 0.48 - 0.42 2.56
Loy 239.30 ~38.40 -128865.70 2.89 0.01  -1469.80
Log -14.87 0.00 -0.06 0.00  0.00 67.45 "
Log 0.39 17.90 ~0.95 0.24 0.00 -1.34
Lon -8 -27 -460 -47 -51 -116
Lyos -45 -262 -9169 -58 _54 ~340
Lyss 61 822 ~60514 -26 -19 -374
Liss —47 ~1173 -155088 -5 -3 -162
L(ny 483 -5899 -5962517 -6 -7 ' 60577
Lyys 31 ~782 2219 2 0 2522
LC"BB -4 27 37 0 0 -45
Lsgy 613 -18264  -36743426 -5 -6 35202
Lsyt ~70 1881 -37695 1 0 956
Lsag -1 ~106 228 0 0 35
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C
P
9 O
Fig. 3 -9. Schematic drawings of the five examples of

an ion-optical system with four electric
sectors in Table 3 -4. All systems are

normalized to have equal total path length.
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The behavior of the higher-order coefficients was inves-
tigated by varying ﬁhe deflection angle, ¢o. The results are
shown in Fig. 3-10. The variation of the second-order coeffi-
cients is not critical. Any systems with toroidal electric
sectors whose deflection angles are between 267° and 271° may
be chosen. It was found that the influence of the field index,
Cp, On some second-order coefficients was significant, as shown
in Fig. 3-11. The value 0.002 of C, was the best in the case
of ¢,=269°. The higher-order coefficients of the system with
c,=0.002 are also given in Table 3-4 as D'. The schematic
diagram of the TOF system with ¢e:269° is shown in Fig. 3-12.
In this case, the area of whole system is in a circle of O.24Lf
diameter, where Lf is the total flight length. Therefore, a
very compact TOF mass spectrometer can be realized using this

design.

3-6. Summary

We have considered the ion optics for multiple (six-fold)
focusing TOF mass spectrometers from the viewpoint of a sym-
metrical arrangement of the toroidal electric sectors. Twelve
suitable systems consisting of two electric sectors were found.
The systems a-1 and b-1 given in Table 3-1 and 3-2 are satis-
factory in the higher-order character. We have also inves-
tigated the doubly symmetrical systems consisting of four
electric sectors, and many solutions have been found. The sys-
tem of case D' in Table 3-4 shown in Fig. 3-12 is excellent in

both higher-order and geometric characteristics.
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ABERRATION COEFFICIENTS

Fig.

0.0

3 -10.

| | . T . 1.
267° 268° 269 270 271

DEFLECTION ANGLE ¢,

Variation of second-order aberration
coefficients of the four sector system
near case D with deflection angle ¢
(267°-271°) . All system satisfy
the multiple focusing conditions.

e
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4. CONSTRUCTION OF THE NEW TIME-OF-FLIGET JASS SPECTROMETER

4-1. Introduction

In the previous chapter, the ion optics of TOF mass
spectrometers consisting of electric sectors was studied. 1In
the search for a high performance TOFr system, symmetrical ar-
rangements of toroidal electric sectors were introduced. The
consideration of symmetrical alignment into the system can
reduce the difficulty of an exhaustive inguiry. As the results
of the investigation show, many ion-optical designs of TOF mass
spectrometers which satisfy the triple isochronous and triple
spatial focusing were found. These TOF systemé can be
theoretically expected to exhibit both high resolution and high
transmission. The ion-optical system for an excellent TOF mass
spectrometer which consists four toroidal electric sectors with
269° deflection was proposed. The four sector system has good
characteristics of both ion optical consideration of the
higher-order coefficients, and practical size of the geometri-
cal figure, as well as the multiple focusing conditions. In or-
der to confirm the theoretical prediction, a TOF mass
spectrometer which has 1.7m flight path length was constructed.
The ion optical characteristics of the system were examined
experimentally. The technical data of the construction are

reported in this chapter.

4-2. Whole assembly

We adopted the mean radius of toroidal fields, ag, to be
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Scm. From the multiple focusing conditions, two drift lengths
are determined to be Dy=11.9cm and Dy=7.8cm. The total flight
path length is 1.727m, while the diameter of the vacuum chamber
is onlyv41cm. The physical parameters and the aberration coef-
ficients of the system are given as D' in Table 3-4. 2
schematic diagram of the whole apparatus is shown in Fig. 4-1.
The four electric condensers were fixed by screws on the base
plate of the circular vacuum chamber (47cm diameter, 13cm
height). The vacuum chamber was evacuated through a 10cm
diameter hole at the center of the base by a 4 inch oil diffq—
sion pump. The vacuum in the system was maintained at 1x107°
Torr. Aluminum beam guides were attached along all ion paths
of the drift regions in order to eliminate the effect of any
stray electric field from the condenser electrodes. The guides
were grounded and their aperture was 10mmx20mm. A commercial
l6-stage Be/Cu secondary-electron-multiplier was used as the
ion detector, and was shielded in order to eliminate stray
electrons or ions. A photograph of the inner part of the ap-

paratus is shown in Fig. 4-2.

4-3. Toroidal electric field

In the proposed TOF mass spectrometer, the toroidal
electric field (c=0.015, c2=0.002) is required from the ion-
optical design. This time, the toroidal field was produced
using a cylindrical condenser terminated with Matsuda plates,
which was proposed by Matsuda [4-1] to change the focus of the
electric sector. The cross-sectional view of the electrodes of

the condenser and Matsuda plates is shown in Fig. 4-3. This
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configuration has two merits compared to the usually used
toroidal condenser:

1.) The focal length of the electric sector can be easily
changed by varying the applied voltage to the Matsuda
plates, because the value of the field index, ¢, is ad-
justed electrically.

2.) The shape of the toroidal condenser is so complicated,
the surface of the electrodes are special curve in three
dimensional space. Therefore, a special machine, for in-
stance numerically controlled, is needed to produce the
electrode. However, the cylindrical condenser has a
simple shape, and can be easily manufactured on an ordi-

nary lathe.

In order to determine the dimensions of the electrodes, an
electric field produced with the condenser and Matsuda plates
was calculated by a computer simulation program reported by
Matsuda et al. [4-2]. The field indices, c¢ and c,, of the
toroidal field can be adjusted by changing the potential, Vs
applied to‘the Matsuda plates and the height, h, of the con-
denser electrodes. 1In the calculation, a mean radius of Scm
and a gap distance of 8mm were assumed in the cylindrical
condenser. The relationship between Vo and h, which gave
c=0.015 and ¢,=0.002, was obtained and this is shown in Fig. 4-
4. From this figure it was determined that h=28mm and
Va=0.13V,, where V_ was the potential of outer electrode of the

condenser. In the case of an acceleration voltage of 3kV,

+480V and 62V should be applied to the electrodes of the
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cylindrical condenser and Matsuda plates, respectively. At the
fringes of the condenser, Herzog shields were placed, so that
the ideal field boundaries can coincide with the front faces of
the cylindrical electrodes. The distance between the shield
and the electrode was 1mm and the aperture of the shisld was

5.8mmx20mm.

4-4., Time measuring system

The precise measurement of the flight times of an ions is
needed for high resolution TOF mass spectrometry. The fast
electric circuits were developed in the field of the experimen-
tal research of nuclear physics. This advanced technological
apparatus is introducéd into our TOF mass spectrometer.

A schematic diagram of the time measuring circuits is
shown in Fig. 4-5. An oscillator triggers a delay generator
which suitably adjusts the timing for the 'start' signal. The
oscillator also provides a trigger pulse for the pulse gener-
ator of the ion source. The produced ion is immediately ex-
tracted by the constant potential on the drawing-out plate from
the ion source. After traveling in the analyzer, the ion is
detected by the secondary-electron-multiplier and a pre-
amplifier. The output signal is sent to a fast amplifier and
then to a constant-fraction discriminator. The output of the
discriminator acts a 'stop' signal. The time interval between
'start' and 'stop' signals is converted into an analog output
by a time-to-pulse-height converter. The output is digitized
and is accumulated in a multi-channel analyzer. The TOF mass

spectra are analyzed by a small computer and are stored on
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floppy disks.

4-5. Ion sources

In a TOF mass spectrometer, pulsed operation of the ion’
source is indiépensable. The time period of the operation is
significant in the resolution of TOF mass spectra.

Two types of ion sources were used in this TOF mass
spectrometer. Firstly, an electron impact type (EI) ion source
was used for the preliminary experiments. In this source, a
gaseous sample in the ionization chamber is ionized by a
electron beam. The energy of the electron is typically around
70eV. The pulse operation of EI ion source is shown schemati-
cally in Fig. 4-6. The grid electrode, which is located be-
tween the filament and the ionization chamber, is usually kept
at a negative bias for stopping the invasion of the electron
beam. The pulse generator, which is floating at a potential
near the acceleration voltage, is operated by the trigger pulse
from the oscillator through a photo coupler. The pulse gener-
ator provides a short positive pulse to the grid electrode.

The sample gas is thus ionized in short duration by the pulsed
electron beam.

Fig. 4-7 shows, schematically, the second ion source used,
that for secondary ion mass séectrometry (SIMS) of large mole-
cules. In the secondary ion source, a primary ion beam with a
few keV energy collides with sample séecies, the sample is thus
ionized. In our TOF mass spectrometer, the primary ion beam 1is
injected from the upper vart of the analyzer chamber. Now two

spherical condensers are introduced into the primary ion gun.
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Schematic diagram of the pulse operation

of the electron impact type lon source.

P.G., Pulse generator; F, filament; G, grid
electrode; C, ionization chamber; D, drawing-
out plate; S, source slit; Vg, acceleration
valtage of ions; Vyp, bias voltage for grid
electrode; V., electron energy.

~93-



Fig.

—

4 -7,

Schematic drawing of the primary ion gun and
pulse operation of the secondary ion source
for SIMS analysis. A, primary ion source;

B and D, collimating slits; C and E, spherical
condensers; F, deflection plates; G, defining
slit; H, sample probe; J, sample tip; K,
secondary ion source; P.G., pulse generator.
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The ion beam is focused at the defining slit located near the
sample tip by the spherical condensers. It is swept rapidly by
a voltage pulse of the pulse generator applied to the deflec-
tion plate. Therefore, the primary ion beam can pass through
the defining slit for only a short period, and attack the
sample tip. The angle of incidence of the primary beam and
that of ion extraction are 60° and 30°%, respectively. The
neutral atoms which cause the background interference in the
TOF spectra'are eliminated by the condensers in the primary
beam. The vacuum chamber of the primary ion gun is 15cm
diameter and 30cm height. The chamber is evacuated by a 6 inch
o0il diffusion pump with a liquid nitrogen trap. The sample
probe was also attached to the analyzer chamber. A differen-
tially pumped vacuum lock was used for the sample probe in or-
der to avoid violation of the vacuum during sample exchange. A
photograph of the TOF mass spectrometer with the primary ion

source is shown in Fig. 4-8.
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8. A photograph of the profile of the TOF mass
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5. PERFORMANCE AND RESULT

5-1. Mass resclution of the new TOF mass spectrometer

The mass resolving power, M/AM, of TOF mass spectrometer
is theoretically studied in Chapter 3, and is given in Egs. 3-2

and 3-3 rewriting:

M o Tt
AM T 2At
= , 5-1
Z(Zf-+VOtO'LVOtd) (5 )

Three terms in the denominator of Eg. 5-1 should therefore be

kept small to obtain high resolution in the system. These are:

1.) 2+, the path length deviation of the system;

2.) o the duration of the pulse operation of the ion
source;
3.) tg, the time resolution of the detection system.

In order to minimize the path length deviation, £ ¢, four
toroidal electric sectors are introduced into the analyzing
region, such that triple isochronous focusing is theoretically
achieved. 1Ions with different energies and different initial

conditions can be coincidentally focused at the detector.

Considering the duration of the pulse operation of the ion

source, We can estimate 1t by three functions:
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1.) The pulse time of the electron (or primary ion) besam used
for ionization.
2.) The reaction time during ionization.
3.) The time consumed by ion extraction, Taxt -
The time duration of the electron (or primary ion) beam is
restricted by the time width of the pulse generator. The pulse
width was around 15ns {(full width ét half maximum, FWHM) in the
case of the pulse generator used for the EI ion source, and
about 5ns in the case of the pulse generator used for the
orimary ion gun for SIMS.
The reaction time during ionization is considered to be
less than 1ns.

The ion extraction time, T which is the time used for

ext”

the movement of a stationary ion at birth to the drawing-out

plate, is estimated as:

1
- . M 2
Toxt = 144Xdext( Z.Vext) (ns)
(5-2)
where d (mm) is the distance between the ionizing point and

ext

the drawing-out plate, V. (volt) is the potential difference
between the voltage of the ionization chamber and that of the
drawing-out plate, M (dalton) and Z (e) are mass and charge of
an ion, respectively. Trom this eguation, in the case of

dgoyr=5mm, the relationships between the extraction voltage,

Vayt and extraction time, Tg - for a nitrogen ion (#/2=28) are
calculated in Table 5-1. In a real ion source, a spatial
deviation of the ionizing position exists. Furthermore, a
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spread of the initial kinetic energy distribution caused by the
ionization process also exists. These cause a time deviation
in the ion extraction time, so the ion peak is already broad at
the entrance slit of the analyzer, before the flight through

the system.

Table 5-1.

Variation of the ion extraction time, Taxtr
calculated from in Eq. 5-2, for nitorogen
ion (M/Z=28) with extraction voltage, Vogt s
where the length of the extraction region,

deyts is Smm.
Vext (volt) Text {ns)

10 1200

20 850

50 540
100 330

200 270

300 220
500 170
1000 120

The variation of the time width of the mass peaks in the
TOF mass spectra was measured by using an EI ion source, chang-

ing the extraction voltage, V The time widths (FWHM) of

ext-
the nitrogen ion peak (M/2=28) in TOF mass spectra are plotted
VS. Vgyt in Fig. 5-1 . From interpolation of this figure, the
peak width decreases in proportion to 1/JV;;E, thus, high volt-
age extraction can reduce the time difference at ion extrac-

tion. However, in the case of the EI source, the ionization

was strongly inhibited for the high extraction voltage larger
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than 3OOV.‘ The reason is that a high voltage generates a
- strong electric field in the ionization chamber which has a
detrimental effect on the electron beam. From Fig. 5-1, the
deviation of the ion extraction time is estimated to be about
10% oL Text-

Next, the time resolution in the measuring system, tg, 1is
considered. Adjustment of the gain and shaping of the
amplifier, and the threshold level of the discriminator, can.be
possible to restrict the time resolution in the detection sSys-
tem to 2ns. The resolution of the time-to-pulse-height con-
verter (TAC) is 0.01% of the measuring time range, and the full
range of it can be changed to up to 800us. Therefore, the
resolution is 10ns in the case of a time range oi 100us, and is
100ps in the range of 1us. On the other hand, the A-D con-
verter of the multi-channel analyzer (MCA) must digitize the
output of the TAC to 2048 channels. Therefore, the time chan-
nel width of MCA is 50ns for 100us TAC range and 500ps for 1pus
range.

When the precise investigation of a specific range of a

TOF spectrum is required, a suitable delay for the start signal
of the TAC is used. A precise delay generator, which is
capable of producing dozens of micro-seconds delay, is also
available as a standard nuclear circuit. The time resolution

of such a delay generator is about 1ins. Consequently, the time
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resolution in the time measuring system 1n the measurements of
around 100us, is considered to be less than 5ns when the delay

generator is used.

An example of the TOF mass spectrum of xenon using the EI
jon source is shown in Fig. 5-2. Experimental conditions were
as follows: acceleration voltage, 3kV; filament current, 4.52;
electron energy, 78eV; peak electron current, 300pA; freguency
of oscillator, 20kHz; effective pulse width (FWHW)_K:::g
extraction voltage, 280V; TAC time range, 4us; start delay,
25us; time channel width, 1.7ns; accumulation time, 100s: 1In
the TOF mass spectrum, the isotopes of xenon can be clearly
seen with good S/N ratio. The flignht time of xenon 132 was
26.07us, and a peak width (FWHM) of 18ns was obtained for this
isotope. This value corresponds to a mass resolution of 730.

The value for the path length deviation must be estimated
to give a full appraisal of the system. Ve take a TOF mass
spectrum, and measure tne time width of a known ion peak (in
this case, Xe132) after moving through the whole system. A
similar measurement is done, but placing the detector at the
evit of the ion source, where the flight path is minimal, thus
minimizing, 2¢. The peak width here was 17ns compared to that
of 18ns for a ion that has passed through the whole analyzing
region.

v

e can summarize the information as follows;
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1. the resolvable time width At = Rf/vo +ty +ta,
2. tO is estimated to be < 15ns,
3. td is estimated to be < 5ns,
4. At=18ns is obtained in xenon spectrum after traveling the
analyzer,
5. At=17ns is obtainad by xenon at the exit of the ion
source.
In the case of no flight in the analyzer, we can assunme lf=0,
so that At = ty +tj. Comparing the result of 4 and 5, the time
aberration caused by path length deviation in the analyzer can
be seen to be small compared to the overall time aberration ob-
served (18ns). This suggests that the first-order isochronous
focusing is achieved and that higher-order aberrations are

reasonably small.

Table 5-2.

Variation of mass resolution, /A4, with M/Z,
in case of resolvable time width At=20ns,
flight length 1.7m, acceleration voltage 3kV.

M/Z M/AM
1 60

10 180
50 400
100 570
200 800
500 1300
1000 1300
2000 2500
3000 3100
4000 3500
5000 4000
10000 5300
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The flight time, Tz, increases with‘an increment in the
mass of ion. From Eg. 5-1, even though the same values of the
resolvable time width, At, are obtained in different mass
regions, the mass resolution increases with the mass. In case
of At=20ns, flight length 1.7m and acceleration voltage 3kV,
the variation of the mass resolution with mass to charge ratio
are given in Table 5-2.

An example of a TOF spectrum of a region of greater mass
to charge ratio is shown in Fig. 5-3 (b). The p=aks shown are
the quasi-molecular ions of gramicidin-S (M.W.=1140.7) which
are produced in the SIMS analysis. Experimental conditions
were as follows: Primary ion beam, Ar"’, 10keV; frequency of
oscillator, SkHz; TAC time range, 8us; start delay, 70us; time
channel width, 3.7ns; accumulation time 500s: The flight time

of M/2=1141.7 ions is 76.71Tus. A time width of 19ns (FWHM) was

obtained. This corresponds to a mass resolution of 2,000.

5-2. Ion_ transmission of the TOF mass spectrometer

Triple spatial focusing is demanded in the ion-optical
design of the constructed TOF mass spectrometer, in order to
increase the ion transmission efficiency. 1Jons with a wide-
spread solid angle and energy distribution can be focused at
the detector, and pass through the detector slit by the spatial
focusing property of the electric sectors. A toroidal electric
field, by which an ion beam diverging off the median plane can
return to the detector, was adopted. As discussed in Chapter
4, the toroidal sector was produced by the combination of the

Cylindrical condenser and Matsuda plates. The c-value of the
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(a)

1141.0 1142.0 1143.0 1144.0
M/Z

Fig. 5 -3. a) Mass distribution of the molecules of
gramicidin-S.

b) Molecular ion region of SIMS-TOF mass
spectrum of gramicidin-S. The time
width of 19 ns corresponds to the mass
resolution of 2,000.
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toroidal field can be varied by changing potential applied to
iflatsuda plates. 1In the case of the structure of this
electrode, the relationship between the c-value of the toroidal
field and the applied voltage, Vqr were calculated by the com-
puter simulation [4-2]. The results are shown in Fig. 5-4.

The case of c=0 means a pure cylindrical field. For the
designed value c¢=0.015, 13% of the potential of the outer
electrode is demanded for Vn- For the case of 3kV ion

acceleration, the voltage of the Matsuda plates corresponds to

62V.
c-value
0.015 O+ I I T
b2 .4 6 Vm
L3 Ve
Fig. 5 -4. Variation of c-value of the toroidal
electric field with voltage of the
Matsuda plates.
The effect of the potential of the Matsuda plates to tre
ion transmission efficiency is measured experimentally. The

way of the experiment is as follows:
The EI source was used in continuous operation mode. The

acceleration voltage was 3kV. The width of the source slit was
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imm and the maximum horizontal and vertical aperture angles were
+0.01rad. At the position of the detector, a faraday cage was
used instead of the secondary-electron-multiplier. The guan-
tity of the ions, which passed through the four condensers and
reached to the faraday cage, was directly measured as an ion
current by an electrometer. On the other hand, the quantity of
the extracted ions just after leaﬁing the ion source was also
measured by using the first condenser as a faraday cage. The
ratio of the two ion currents is defined as the ion transmis-
sion efficiency of the TOF mass spectrometer.

The results are shown in Fig. 5-5. It is clear from the
figure that the ion transmission efficiency increases to 90%
around Vm:6OV while it is only 40% for V=0 (no use of the iat-
suda plates). This voltage is in good agreement with the
designed one (62V). The ion transmission of 90% indicates that

the spatial focusing is satisfactory.

5-3. Mass calibration of TOF mass spectra

In mass soectrometry, accurate calibration of a mass to
charge ratio scale is indispensable. Because time-of-flight
mass spectrometry directly measures the flight time of an ion,
the mass to charge ratio can be easily derived from using the

relation expressed by Eg. 2-3, rewriting:

£ e (2 (us) (5-3)
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ION
TRANSMISSION

100 % -

50 % -

O %

O 100 200 300 Vm(volt)

Fig. 5 -5. Variation of the ion transmission efficiency with
the voltage on the Matsuda plates. Ion acceleration
voltage, 3 KkV; source slit width, 1 mm; maximum
horizontal and vertical . aperture angles, +0.0lrad.
An ion transmission of 90 % was obtained around
V}1=60 V.
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The principle of the mass calibration is as follows. The
flight length, Lg¢, a2nd the acceleration voltage, V, in Eg. 5-3
are constants for any ion. The channel number in the multi-
channel analyzer (MCA) is proportional to the measured time.
The origin of the channels does not usually coincide with th
start point of the time-of-flight measurement. Therefore, 1if
the number of the N-th channel is expressed as N, the relation-
ship between the N and M/Z obtained from Eq. 5.3 is:

M2

= +
N K(Z) N

(5-4)

where X is the proportionality constant related to the flight
length, the acceleration voltage and time channel width of the
MCA, and Ng corresponds to the origin of the TOF spectrum.
From Eg. 5-4, only two constants, K and Ng, are need to be
determined for mass calibration. Therefore, at least two
standard points are necessary in order to determine K and Nj.
After determination, the mass to charge ratio of the unknown

peak obtained at the channel number Nexp is calculated as.

M
Z

(5-5)

The accuracy and linearity of the time measuring system is
very orecise. Therefore, the accurate mass value can Dde
predicted, even if the observed mass is far from tne calibra-

tion region. In our 2xpsriment, a few standard voints wers
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used for calibration to increase ths accuracy. The two
constants, XK and Ng, were determined by the method of least
squares by using these points.

The standard points are given by the use of sither an in-
ternal standard or an external standard. The internal standard
is utilized by the known peaks in the TOF mass spectrum that of
the‘sample of interest, for instance the peak of a proton
(M/2=1.0078), that of a sodium ion (M/2=22.990) and etc.. The
external standard method uses the spectrum of a standard sample
for the calibration that is independently taken under identical

conditions of the unknown sample.

5-4. Analysis of large molecule

The possibility of the analysis for large molecules by the
TOF mass spectrometer has been investigated. The pulsed
primary ion gun for SIilS was developed. 2 detailed description
of the primary gun has already been given in Chapter 4. The
sample tip was made of copper, and its stage was coated with
gold. The diameter of the sample stage was 2mm. In SIMS
analysis for normally intractable compounds, the aid of a
suitable liquid matrix is usually employed. 1In this case,
glycerol was used as a matrix. Several compounds were then in-
vestigated by the TOF mass spectrometer.

The common conditions of these experiments are as follows.
The species of the primary ion beam was argon, and its energy
was 10keV. The ion current of the primary ion beam was 10-

100nA in continuous operation mode. The duration time of ths
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ion gun was 5-10ns, and the frequency was 5kHz, The accelera-
tion voltage for secondary ions was 3kV. 1In the secondary ion
source, the extraction voltage was established at 1006-1500V,
in order to decrease the time spread at the ion extraction
sven for heavier ions. The cluster ions of cesium iodice,
[CsI]nCs+, were used as an external standard for mass
calibration.

A hepta-peptide, angiotensin-IIT,was used as sample com-
pound and its structure 1is shown in Fig. 5-6. The molecular

weight of the mono-isotopic angiotensin-III is 930.5 dalton.

NH, NH

2y

¢

i Y

Gy o =, L] ©)

N

CH CH., CH CH, CH ‘y

[ 2 \3/ 3 |H \éﬁ' 3 -

Gy e (N
NH2—CH—CO—NH—CH—CO-NH-CH—CO—NH-CH-—CO—NH—CH—CO—N-—CH—CO—NH—CH—COOH

ARG VAL TYR ILE HIS PRO PHE

Fig. 5 -6. The structure of angiotensin -III. The
molecular weight of the mono-isotopic

angiotensin - III is 930.5 dalton.

The sample was purchased from the Protein Research Foundation
(#linoh, Osaka, Japan). The full scale of the TAC was 80us. WNo
delay time used for the TOF measuring start. The accumulation
time was 100s. The measuring time range was 0-80us cor-

responded to the mass range of 0-1200. The SIHS-TOF mass
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-7. Iin the

()]

spectrum of angiotensin-III is shown in Fig.
spectrum, guasi-molecular ion, (4+H)%, is clearly seen. The
flight time of the ion M/Z=931.5 was 69.2%is. 1In the lower
mass region, few peaks derived from fragments of the sample and
the matrix appeared.

A cyclic peptide, gramicidin-S$ was used for next sample,
which was purchased from Sigma Chemical Co. (St. Louis, MO USA).
The structure of gramicidin-S is shown in'Fig. 5-8, and the

molecular weight of mono-isotopic compounds is 1140.7 dalton.

CH(CH

o) RL)
'tﬂnn— H~ce© NH,
fCH Nm /'CH‘})J
CeHs o , e
~
ugx c-©
4 AH
CH \
/ -
NH cr CH,CH(CH,),
| -
O=C ? o
(CHy),CHCH,—CH HH
2 2 \ i
CH
Nl"c ¢’ \CHz
Q== ~ ~
o cH N’ o CeHg
~ Cd
NH.,— 2)3 NH‘C C'HC
2 ~CH-HN-"y \ >
3
o)
CH(CHy),

Fig. 5-8. Structure of gramicidin-S.
The molecular weight of the
mono-isotope 1s 1140.7 dalton.

The flight time of the quasi-molecular ion (M/Z=1141.7) was
76.71us. The measuring time range was also 0-80us. The time
channel width was 38ns. The accumulation time was 100s. The
SIMS-TOF mass spectrum of gramicidin-S is shown in Fig. 5-9.

The quasi-molecular ion is clearly observed.
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The empirical formula of gramicidin-S is C60H92010N12'
The molecular weight 1is distributed by the =2ffect of the natu-
ral isotope abundance of respective elements. The theoretical.
mass distribution of the gramicidin-S molecules was calculated
by computer program [5-1], and the results are shown in Fig. 5-
3 (a) with the major effect being due to the existence of
carbon 13. The molecular ion region of TOF spectrum of
gramicidin-S is shown in Fig. 5-3 (b), and in this spectrun,
each isotopic peak can be clearly seen as resolved, showing a
mass resolution of 2,000.

A more heavier compound, perfluorcalkayl phosphazine was
investigated. This sample was presented by Prof. Cotter of the
Johns Hopkins University (MD USA). This sample was a mixture
of four compounds of families of perfluorocalkayl phosphazines,
and these structures are shown in Fig. 5-10 (a-d). Their
molecular weights are 4242, 3535, 2828 and 2121, respectively.
The SIMS-TOF mass spectrum of perfluorcalkayl phosphazine was
taken in the flight time of 100us-180us. The accumulation time
was 500s. The mass spectrum with mass range of 2000-4500 1is
shown in Fig. 5-11. The molecular ions (M)* are detected at
M/2=3535, 2828 and 2121. The molecular ion of compound (a) 1is
barely detected at M/Z=4242. The fragment ions of (#-331)%,
which are due to the loss of one side chain, also aopeared at
M/Z= 3911, 3204 and 2497. Other fragment peaks can also be
seen.

TOF mass spectra of organic compounds can be obtained up
to M/Z2=4000 in the SIIS analysis by the four-sector TOF mass
spectromater. The mass resolution of 2,000 was obtained at

M/Z=1141.7, where the peak of unit mass can be clearly resolved.
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6. SUMMARY

A new time-of-flight mass spectrometer consisting of four
electric sectors was investigated. The flight time of an ion in
a TOF system is calculated as a power seriess expansion in a
third-order apoproximation. The ion-optical design of the TOF
mass spectrometer satisfies the triple isochronous focusing and
the triple spatial focusing conditions, in order to improve the
mass resolving power and the ion transmission efficiency. A TOF
system with 1.7m flight path length was constructed and the ion-
optical characteristics were examined experimentally. The
results of the investigations described in this thesis are as

follows:

1.) The calculation oi the flight times in the toroidal electric

sector and the electric guadrupole lens.

It is important to investigate the second and third-order
characteristics in addition to the first-order characteristics
for a high resolution TOF mass spectrometer. When the higher-
order aberrations of a TOF system consisting of electric sector
or quadrupole lens are estimated, the calculation of tne flight
times of ions .is necessary. The flight timss of the charged
particles in a toroidal electric sector and an electric quad-

rupoles lens are calculated. The effects of the fringing fields
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are also investigated. The ex?ression of the flight times is
given as a path length deviation. The general transfer natrix,
which includes an exfra row and an extra column for the path
length deviation, is introduced into the flight time
calculations. The computer program is developed for the numeri-
cal calculation of the path length deviation. The ion-optical
characteristics of the TOF mass spectrometer can bs determined

by this program.

2.) The investigation of ion-optical designs for a high

performance TOF mass spectrometer.

The triple isochronous focusing and triple spatial focusing
conditions are introduced to the TOF mass spectrometer, in order
to increase the mass resolving power and ion transmission ef-
ficiency simultaneously. The possible solutions for satisfying
these conditions are investigated in the ion-optical system con-
sisting of toroidal electric sectors. Symmetrical arrangement
of systems is introduced for the search of the solutions of the
multiple focusing conditions. Many solutions are found for the
systems with consisting of two, three and four electric sectors.
The ion-optical characteristics for “he nigher-order aberration

coefficients and geometrical properties are also considered.

3.) The proposal and construction of 'excellent' TOF mass
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spectrometer consisting of four toroidal electric sectors.

An excellent ion-optical design for the high performance TOF
mass spectrometer is proposed. The system consists of four
toroidal electric sectors with 269° deflection. The system with
1.7m flight path length is constructed. The analyzing region
with four sectors, the ion source and the ion detector are in-
stalled in a 41cm diameter vacuum chamber. The toroidal
electric field is produced by the combination of cvlindrical
condenser and Matsuda plates. The fast timing circuits, which
are available in practical nuclear physics, are used for the
time measuring system. Two types of pulsed ion sources are at-
tached to the mass spectrometer. One is of the electron impact

type and other is a secondary ion source for SIMS.

4.) The proof of the ion optical characteristics of the TOF mass

spectrometer and the capability of large molecule analysis.

The time width of 18ns at /2=132 is obtained by the EI ion
source, even though the pulse width of the ion source is 17ns.

This suggests that the isochronous focusing is satisfactory. The

time width of 19ns at M/Z=1141.7 (guasi-molacular ion of

gramicidin-S) is obtained. This corresponds to a mass resolu-
tion 2,000. The satellite of the carbon 13 isotope 1s clearly
resolved.

The ion transmission efficiency is investigated by using
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the EI ion source and 90%'transmission is obtained. The spatial
focusing of the TOF mass spectrometer is thus satisfied. Mass
peaks up to M/%Z=4000 are obtained in TOF mass spectrum for a
heavier compounds (perfluoroalkayl phosphazine).

From these results, it becomes clear that the new TOF mass
spectrometer has enough capability for the analysis of large

molecules.




The functions F(m) are defined as f;’ m dw. The explicit

results of calculation are given:

F(1) = w
1 Cx
F(s,) = %%,
SX
F(c,) = %
2
()
F(w) = >
W SCyx
Floxs) = 3 7 9,
F _ SxSx
(chx) - ka
F 5 C W
(wa) - ki kx
—1 Cy S, W
Flew) = —3+35+%
w  SyGy
F(s,s,) = = —
7y 2 2k,
' s.8
F(s.c,) = =—
¥y 2k,
2 2c, 5.5,C,
Flsesesx) = 33 73k, ~ T3k
SISXSX
F(stxcx = 3k
W 5.8, S.Cw
Fls.s,w) = ~Z-+ 4k2‘“ Tk
— W Sy Cx | SeSeW
Fsxex0) = g T2 " 2k
-2 2c, 25w C W
F(waw) = k3 - k3 k2 B k
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When the general transfer matrix [Q] is given by Eqg. 3-7,
the inverse matrix [Q]"I is expressed as.:
[ (ala) — (xla) 0 0 (xla)(al8) — (xI6)(ala) 01
= (alx) (x1x) 0 0 —(x]x)(a|8)+(x[5)(a|x) 0
0 0 (BIB) —(18) 0 0
-1 0 0 -(Bly) (y1¥) 0 0
[Q1 = 0 0 0 0 1 0
—(ala)(Nx)  (sle)(flx) 0 0 - (18) 1
+ (alx)(!le) —{xlx)(!a) —[(xla)(crlé')—(x[&)(a[a)](”x)
L +[(x|x)(al6)—(x]ﬁ)(a[z)](lla)

The point symmetrical matrix [Q*] is created by inversing

the signs of the second, fourth and fiftn columns and rows of

Q1 ',
[ (ale) T T = (xla)(ald) + (=18 )(ala) o]

(alx) (=1x) 0 0 = {xlx)(eal8) +(x|8)(alx) 0
0 0 (BIB) (»1B) 0 : 0
, 0 0 (Bly) (»i») 0 0
[Qx] = 0 0 4] 0 1 0
—(ala)(llx) ~—(xla)(/lx) O 0 (né) !

+(alx)(fla)  +(xlx){lla) +[(xla)(ald) — (x18)(ala)}(/1x)

—[(xlx)(eld) = (x18)(alx)]{ /=)

Thne plane symmetrical matrix (Q'] is obtained Dy inversing

the signs of the second,

(01"

fourth and sixth columns and rows of



Q"]

(ala)
(alx)
0
0
0
(ala)(11%)
= (alx){(/la)

L

(xla) 0 0
{xlx) 0 0

o (8iB) (»18)
0 (Bly) (r»)
[¥] 0 0
(xla)(’%) O 0

~ (xlx)(fIe)
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(xla)(ai8) — (x18)(<le)
(xix)(ald) — (x18)(alx)
0
0
1

(n8)
+[(x|a)(a|8) —(xltS)(a]a)](llx)
~[(x1x)(18) = (x18)(alx)]({I=)
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