% Scientific

Journal of Modern Physics, 2014, 5, 68-73 RS
Published Online January 2014 (http://www.scirp.org/journal/jmp) #s* Research

http://dx.doi.org/10.4236/jmp.2014.51011

Time-of-Flight Mass Spectrometer with Transaxial
lon Reflector

Seitkerim B. Bimurzaev, Nakhypbek U. Aldiyarov
Almaty University of Power Engineering and Telecommunication, Almaty, Kazakhstan
Email: bimurzaev@mail.ru

Received November 11, 2013; revised December 13, 2013; accepted January 14, 2014

Copyright © 2014 Seitkerim B. Bimurzaev, Nakhypbek U. Aldiyarov. This is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited. In accordance of the Creative Commons Attribution License all Copyrights © 2014 are reserved for SCIRP
and the owner of the intellectual property Seitkerim B. Bimurzaev, Nakhypbek U. Aldiyarov. All Copyright © 2014 are guarded by
law and by SCIRP as a guardian.

ABSTRACT

Two variants of application of a transaxial mirror with stigmatic spatial time-of-flight focusing in the time-
of-flight mass spectrometer have been considered. In the first variant, the transaxial mirror is used as an ion ref-
lector in the ordinary scheme of the time-of-flight mass reflectron. In the second variant, the transaxial mirror
simultaneously fulfills the function of the ion reflector and corrector of aberrations caused by the energy spread
of ions in the package, formed by the ion source of the mass reflectron. The expressions defining the conditions of
stigmatic spatial time-of-flight focusing in the transaxial mirror and the combined system consisting of an ion
source and a mirror have been derived. The relationships between geometrical and electrical parameters of three-

and four-electrode transaxial mirrors realizing these conditions have been obtained by numerical calculations.
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1. Introduction

A transaxial mirror is an electrostatic mirror, the field of
which has a rotational symmetry, and the optical axis of
the mirror is perpendicular to the axis of the rotational
symmetry. A transaxial electrostatic mirror can provide
high-quality TOF focusing of ions in energy simulta-
neously with their spatial focusing in two mutually per-
pendicular planes. Under certain conditions, in this mir-
ror stigmatic spatial-TOF focusing (SSTOF) can be
achieved.

The properties of TOF focusing in three-electrode
transaxial mirror whose electrodes are plane-parallel
plates separated by circular gaps were first studied in [1].
The geometrical and electrical parameters providing
conditions of TOF focusing up to the second order under
different modes of mirror operation were obtained by
numerical calculations. However, the mode of spatial
focusing of such a mirror has not been considered, which
limits its application as an ion reflector of TOF mass
spectrometer.
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The aim of the present paper is to determine conditions
of SSTOF focusing in transaxial mirrors and to use nu-
merical calculations to study the possibility of using such
mirrors in TOF mass spectrometers of high resolution
and high sensitivity. Two variants of application of the
transaxial mirror with stigmatic spatial TOF focusing in
TOF mass spectrometer are considered. In the first va-
riant, the transaxial mirror is used as the ion reflector in
the typical scheme of TOF mass reflectron. In the second
variant, the transaxial mirror simultaneously fulfills the
function of ion reflector and corrector of aberrations
caused by energy spread in the ion package formed by
the ion source.

It should be noted that TOF chromatic aberration
(TOFCA) is the problem of special interest among the
problems of TOF focusing of beams of charged particles.
This is explained by the fact that in the electron-optical
systems with direct optical axis TOF geometric aberra-
tions are reduced effectively by diaphragming. In this
case TOFCA remains unchanged and imposes principal
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limitations on the quality of TOF focusing. Therefore we
will further consider only these aberrations.

2. A Transaxial lon Reflector
2.1. Conditions of Time-of-Flight Focusing

Let us introduce a rectangular coordinate system x,x,,z,

the axis z of which is aligned with the optical axis of
the mirror, the plane x,z coincides with its mean plane
(horizontal plane), and the plane x,z coincides with the
plane perpendicular to the mean plane (vertical plane).

According to [2], the time-of-flight of an ion of charge
g and mass m, moving along the optical axis of the
mirror z from the initial plane z =1z, to an arbitrary
plane z=const, taking into account values up to the
third order of smallness can be written as

ty =Ty +At, . @

Here

Ty =—i(z+zo—22$)) 2
)

is the time-of-flight of the central particle,

13 ¢ ‘
At, ==Y | =1 DY . 3
-3 o @
is the total TOFCA of the mirror, ¢ is the initial energy
spread of ions, @ =®(z) is the axial distribution of the
electrostatic potential, v =./-2q®/m is the speed of
the central particle, and
a(2k=1)n

DY = (-1)* 1%(“%—24:’) (k=1,2,3) (4)
is the TOFCA coefficient of order k, where the quanti-
ties z{? and 2 (k =1,2,3), determining the position
of the effective plane of the mirror reflection and its ref-
erence planes of TOF focusing of order k , respectively,
are functions only of (I)(z). Let us consider the particle
moving along the axis z with £=0 as the central
particle. Here and below the subscript “0” denotes the
values in the initial plane z=z,.

As it can be seen from (4), the condition of TOF fo-
cusing of ions by energy of order k (D(E‘;,,) = O) is writ-
ten as

Z+1, =22§,',‘), (5)

which means that TOF focusing is achieved when the
plane z=1z, (the ground plane) and z=const (the
TOF image plane) are located symmetrically with respect
to the plane z = 2’ (k =1,2,3).

The plane z= z(E“),I is called the main plane of TOF
focusing of the mirror [3]. Taking (5) into account, let us
rewrite (2) as
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1
Ty :TMO—U—(z+zO—2z§j>), ©6)

0
where

2 (e -24) )
0

Tyo =

is the time interval between the moments of intersection
of plane z= 23) by ions before and after reflection by
the mirror. This time period is called the time interval of
mirror focusing. The dependence of the time period of
mirror focusing on its mass determines the value of its
TOF mass dispersion

D, =m0 = Two _ L ®)
om 2
where
1
L= EUOTMO . ©)

is the effective drift distance of the mirror.
If the condition

) =) —2f) (10)
is fulfilled simultaneouslz/ with (5), all TOFCA coeffi-

cients are equal to zero (D{)) =D{?) =D’ =0}, i.e. the
TOF focusing in energy up to third order is realized.

2.2. Conditions of Spatial Focusing

According to [2], locations of mutually conjugate planes
z=1, (the ground plane) and z=const (image plane)
are determined by the equation

1 1 2

=—. 11
z-z; R D

2y —Z

Here R, =z, -z, is the radius of the mirror curva-
ture, z; and z,, are z coordinates of the center of
the mirror curvature and its vertex, and the subscript i
denotes the values in two mutually perpendicular planes
xz(i=1,2), respectively.

When the centers of mirror curvature in two mutually
perpendicular planes coincide or the center of curvature
in the mean plane of the mirror coincides with its vertex
in the plane perpendicular to the mean plane, i.e. if

ch = Zcz or ch = Zb2 ’ (12)
stigmatic spatial focusing (SSF) is realized in the trans-
axial mirror.

2.3. Conditions of Spatial-TOF Focusing

Solving the system of Equations (5) and (11) we find the
spatial-TOF condition for the mirror:

L, = 7y i\/(zﬁnk) —Zg )(Zf\:) - Zbi) . (13)
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The condition (13) determines the position of mutually
conjugate planes z=z and z=z,, for which spatial
and TOF focusing are fulfilled simultaneously. For the
electrostatic mirror with the given field distribution on its
axis, there is only one pair of mutually conjugate planes
that satisfy this condition [3].

As it is seen from (13), if the condition

2~z or 2\ -z, (14)

ci

is fulfilled, spatial and TOF images of the object are
formed in the same plane (z=z =z, = zﬁj)), i.e. spa-
tial-TOF is fulfilled.

If conditions (5), (10) and (12) - (14) are fulfilled si-
multaneously, in the transaxial mirror the stigmatic spa-
tial-TOF focusing (SSTOF) is realized.

2.4. Characteristics of a Three-Electrode
Transaxial Mirror

In this section we used numerical calculations to deter-
mine the SSTOF conditions up to the second order in the
three-electrode transaxial mirror (Figure 1). Each elec-
trode of the mirror is a pair of parallel plates positioned
symmetrically with respect to the median plane of the
mirror.

Slits between the electrodes are cut along the arcs of
concentric circles with the common centers of curvature
=14, radii R;=1z;-z,, where z; is the coordinate
z of the middle of the j- th gap (j=1,2). Two
modes of realization of SSF (12) conditions simulta-
neously with the TOF focusing of ions in energy up to
the second order (D{}) =D{?) =0,D{) =0) in such a
mirror are considered. In the first mode SSTOF is
achieved by superposition of the center of curvature in
two mutually perpendicular planes, i.e. provided
ch = ZCZ = ZS) = ZI(V?)

In the second mode SSTOF is obtained by superposi-
tion of the center of curvature of the mirror in the mean
plane (x,z) and its vertex in the perpendicular plane
(x,2), i.e. provided z, =z, = zﬁ) = sz) . The trajecto-
ries (T) in the vertical plane (xzz) for these modes are
shown in Figures 2 and 3. As it can be seen from these
figures, when the trajectories pass through the center of
curvature of the mirror their direct and inverse branches
are the same, and when trajectories pass through its ver-
tex their direct and inverse branches are symmetrical
with respect to the optical axis of the mirror [3].

The relations between geometrical and electrical pa-
rameters of the mirror defining the SSTOF conditions in
the first and second modes are shown in Tables 1 and 2,
respectively. Here V,,V,,V, are the potentials of the
first, second and third electrodes, | is the width of the
second (middle) electrode, d is the distance between
the electrode plates, R, =z, -z, is the radius of the
first circle. The values of geometric parameters are given
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Figure 1. A scheme of a three-electrode transaxial mirror.
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Figure 2. A course of the trajectories in the three-electrode
transaxsial mirror (z,,=2,).
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Figure 3. A course of the trajectories in the three-electrode
transaxsial mirror (z,,=17,,).

Table 1. Characteristics of a three-electrode transaxial ion
1 2
reflector (z,, =z, =2 =27)).

(%

R/ VN, N I/d -z, /d L/d DY /d
6.0 00838 0177 138 7.38 10.4 964
65 00856 0181  1.35 7.85 10.7 851
70 00872 0185 131 8.31 11.1 751
75 00886 0190  1.27 8.77 11.4 644
80 00798 0260 0967 897 10.7 138

Table 2. Characteristics of a three-electrode transaxial ion
1 2
reflector (zc1 =z,=20= z(M)) :

R VN VN, I -z,/d L/d DY /d
10  0.0663 0138 143 11.4 14.9 2105
15 00615 0133  1.33 16.3 19.6 1952
20 00516 0129 1.23 21.2 243 1749
25 00339 0128 115 26.1 29.0 1177
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in units of d, the electrical values—in units of potential
V, . The origin of coordinates is located in the middle of
the gap between the second and third electrodes.

As it seen from the above data, the effective drift dis-
tance of the mirror L, hence, its TOF mass dispersion (8)
in the second mode is two-three times higher than in the
first mode. Moreover, the second mode has a higher ca-
pacity.

2.5. Characteristics of a Four-Electrode
Transaxial Mirror

In this section, the four-electrode transaxial mirror, the
second and the third (middle) electrode of which have the
same width, are considered. Due to higher variety of the
field distribution, in such a mirror it is possible to get
SSTOF of higher quality.

Using numerical calculations we obtained the rela-
tionships between geometric and electrical parameters of
the mirror that determine the conditions of TOF focusing
up to the third order (D{ = DY) =D} =0) simulta-

neously with SSF gzcl =1z,) , lie. conditions
1 2 3
ch = Zc2 = ngl) = Zg\/l) = Z(

The results of calculations are presented in Table 3,
where V,,V,,V,,V, are the potentials of the first, second,
third and fourth electrodes, | is the width of the second
and third (middle) electrodes, R, z,, L and d
have the same meaning as in the previous modes. The
origin of coordinates is located in the middle of the gap
between the third and fourth electrodes.

3. A Transaxial Corrector of Aberrations

3.1. Conditions of Compensation of the Energy
Spread in the lon Package Formed by the
lon Source

Let us consider the ion source consisting of the ionization
region and the accelerating gap. Moving in the ion source,
any ion with the initial energy qU, will increase its
own energy up to [4]:

U =q(U,+SE, +5,E,). (15)

Table 3. Characteristics of a four-electrode transaxial ion
1 2 3
reflector (z,, =2, =2{) =27 =207 ).

R/d v, V, V, V, -V, V, 1/d -z,/d L/d
6.7 0.0524 0.0260 0.366  0.438 7.58 8.86
6.8 0.0674 0.0223 0.361  0.448 7.70 9.00
6.9 0.0813 0.0194 0.357 0.458 7.82 9.15
7.0 0.0942 0.0172 0.353  0.467 7.93 9.29
7.1 0.106 0.0154 0.348 0.476 8.05 9.43
7.2 0.117 0.0141 0.344  0.485 8.17 9.57
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Here E, =U,/s, is the electric field strength in the
ionization region of width s, produced by the push-
ing-out pulse U,, E,=U,/s, is the field strength in
the accelerating gap of width s, produced by the acce-
lerating potential difference U,, s is the path traveled
by the ion in the field of the pushing-out pulse. At the
outlet of the ion source, ions have different energies due
to the two factors: 1) different initial ion energies qU,
caused by thermal scattering, 2) different paths s
(0<s<s,). Therefore, we can rewrite (15) in the form

U=q(s+s,E,),(0<s<U,+U,),  (16)

where qe¢ is the energy spread of ions in the package
formed by the ion source.

Taking into account (16) the time-of-flight of an ion in
the ion source can be written as

el etFE-a) w

By simple transformations (17) can be represented in

the form
tE :ﬁ (E_]J i+ 1+i , (18)
Yo E VP, \ D

where @, =U,.

Expanding by powers of the small value &/®, (rela-
tive energy spread), and limiting by the order of small-
ness of not lower than the third order, we can write (18)
in the form

to =T, +At., (19)
where
T, = 2% (20)
Uy

is time-of-flight of the central (&£=0) ion, At. is the
total TOFCA of the ion source determined by the equa-
tion

2 3
At =32l Eeq| |2 |2 Y e} 1 e
v, | \E o, |®, 4\, 8D,

(21)
As it is seen from (21), under the condition

E =E, (22)

the term of the series proportional to /¢/®, , which
makes the greatest contribution to the total TOFCA of
the ion source, vanishes. The remaining part of aberra-
tions of the ion source can be compensated by aberra-
tions of the electrostatic mirror equal in magnitude and
opposite in sign.

In the combined system consisting of the ion source
and the electrostatic mirror, the total time-of-flight of the
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ion (in case the end of the accelerating interval of the ion
source coincides with the initial plane z=1z, of the
mirror) taking into account (1) - (4) and (19) - (22) can
be written as

tem :TEM +Atgy, | (23)
where
T, =T +T,, = —i[z+ z,-279 J , (24)
Uy
13 ¢ “
Atg, =AMt +AL, ==Y =| DY . (25
Uy i1\ Py
Here
) Kol (2k —1)!! ()
D) = (-1 (242 - 228 ) (k=1.2,3) (26)

(2K

is the TOFCA coefficient of the combined system of or-
der k,
2y =2 +5,, (27)
(k) _,0)__S
Zey =2y ——2—
EM M Zk _1

From (26) it follows that in the combined system the
condition of the k-th order of TOF focusing of ions in
energy (D(Ek“} = 0) is determined as

2+, = ZZ(E“N)I , (29)

(k=12,3). (28)

which means that TOF focusing is achieved when the
plane z =z,, coinciding with the end of the second ac-
celerating gap, and plane z =const where the ions are
recorded, are located symmetrically relative to the plane
z=2% (k=12,3).

By analogy with the mirror let us call the plane
Z= z(El“),l the main plane of TOF focusing of the com-
bined system. Taking into account (29) we can rewrite
(24) in the form

1
Tewm =TEMO_U_(Z+ZO_2Z§5112/I)’ (30)

0

where

Towo =—(28) ~28,) (31)
Yo
is the time interval of focusing of the combined system.
TOF dispersion in mass and the effective drift distance
of the combined system are determined by formulas sim-
ilar to (8) - (9).

3.2. TOF Mass-Reflectron with Transaxial
Corrector of Aberrations

As an example calculations for TOF mass reflectron have
been made, where the role of aberration corrector is
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played by the four-electrode transaxial mirror with two
middle electrodes of the same width (Figure 4). The ori-
gin of coordinates is located in the middle of the gap
between the third and fourth electrodes. The results of
calculations are presented in Table 4.

Potentials on the second (V,), third (V,) and fourth
(V,) electrodes of the mirror, the width of its middle
electrode |, coordinates z of the center of curvature
of the mirror z, and the effective drift distance L
were calculated for different values of width s, of the
accelerating gap of the ion source for the condition

2q =2, =28, = 2o =75 - (32)

When this condition is fulfilled in the plane z =z,
coinciding with the plane z =z, in the combined sys-
tem TOF focusing up to the third order and stigmatic
spatial focusing are achieved simultaneously.

In this case, the resolution of mass reflectron

L

R, = ,
Az,

m

(33)

will be limited only by the aberrations of the fourth and
higher orders

Azgy, ~D&) (5/®,)" (34)

where Az, =uv,Atg, is the width of the packet of ions
in the detector plane, D(Ei,)l is the 4-th order TOFCA
coefficient.

It should be noted that in the conventional scheme of
mass reflectron the resolution is limited by the ion packet
width in the primary time focus [5]:

Az ~ T fe]D, , (35)

is the focus distance of the ion source.

where f

-0.5 LR P L T T TR T T . - TP T P

9 8 -7 6 -5 4 -3 -2 -1 0 1 2

Figure 4. TOF mass reflectron with transaxial corrector of
aberrations.
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Table 4. Characteristics of a four-electrode transaxial co-
H 1 2 3
rrector of aberrations (zcl =z,=20) =29 = z(M)) :

Sz/d Vz/V1 Va/vl _Va/vl I/d _ch/d L/d

0.1 0.0843 0.0191 0.357 0.460 7.92 9.35
0.2 0.0737  0.0215 0.361 0.452 7.90 9.42
0.3 0.0623  0.0244 0.365 0.444 7.89 9.49
0.4 0.0493 0.0281 0.370 0.435 7.87 9.54

It follows that, other things being equal, in this mass
reflectron the width of the ion packet in the detector
plane is significantly (by an order or more) smaller than
the width of the ion packet in the primary focus of the
conventional mass-reflectron. This effect is caused by the
compression of the initial width of the ion package by the
mirror.

4. Conclusions

Application of the transaxial mirror as the ion deflector
of the mass reflectron has certain advantages. The trans-
axial mirror has a smaller size in the direction perpendi-
cular to its mean plane than that of the rotationally-
symmetric mirror. Moreover, it does not have aberrations
of oblique beams typical of the mirror with rotational
symmetry and caused by the large angle of inclination of

OPEN ACCESS

trajectories to the optical axis of the mirror.

The use of transaxial mirror as a corrector of the initial
energy spread in the ion package formed by an ion
source opens a new direction in the TOF mass spectro-
metry.

This research was supported by grant number No.
055/GF3 under the program of the Ministry of Education
and Science of the Republic of Kazakhstan.
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