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Introduction

Mass spectrometers are among the most precise and sensitive tools for chemical and isotopic analysis but the laboratory instruments are very expensive and bulky. 

Our paper is aiming to develop mass analyzers as a mini system with reduced size, rugged and transportable. These analyzers are being designed for applications that include in-situ environmental monitoring and inspection. Therefore, it allows the rapid detection of hazardous chemical compounds in air, soil and water.

This paper presents the concept of a few mass analyzers, which were specifically designed for the small dimensions, instruments in such a way that they would be able to detect with sufficient sensitivity and accuracy all type of environmental pollutants.

Theory


There are many publications dealing with the focusing of charged particles in magnetic sector analyzers. The methodology used here is that of Cotte (1938) and Penner (1961), i.e., the matrix representation (the advantage of the matrix formulation is that the total transfer matrices for a complete magnet system can be computed as products of individual matrices for each component including the spaces of free flight between the magnets). However, our starting point is the ideal focusing field, determined from the simple geometry. In practice, magnetic fields of the ideal shapes may not be achieved, for various reasons, including difficulty of machining the pole pieces, field inhomogeneities, and fringing-field effects. We accept the straight-line approximation (because of the low resolution required by our purpose) and the asymmetric case (Fig.1). There are obviously a very great number of asymmetric lenses with linear boundaries, which might be considered. Three parameters were selected to make a design criterion suitable to help overcome the problems rises on the case of the miniaturized magnetic sector.

1) Sensitivity: in order to maximize transmission of ions through the analyzer, only geometries with simultaneous focusing (double direction focusing) in horizontal and vertical planes were considered. 

The condition of point focusing is:



tan (( - () - 2 tan (" = (cot ( - ( ) -1

where

tan ( = tan (’- R( l’



tan ( = tan (’+ R( l’


2) The path length of the ions from the ion source to the collector. Any reduction in path length that the ions take will result in a proportional decrease in the probability of collision with a molecule and corresponding decrease in ion beam broadening. In addition, a short ion pathway is necessary for the compactibility of the instrument
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3) The mass resolving power (RP).

Fig.1 Geometry of asymmetric case


Many mass spectrometers use simple, symmetrical geometry where l’ = l" and the ion beam enters and exits the magnetic field normal to the pole faces ((’ = (" = 0). However, the dispersion of such instruments is fixed by the radius of the sector so that high dispersion requires a large instrument with long pathway; they are also unable to perform double direction focusing. In order to satisfy the above criteria, it is necessary to use asymmetrical geometry where the optic axis is non-normal to the magnetic boundaries and entrance and exit angles are not necessarily equivalent. These geometries allow double direction focusing and much greater dispersion than a normal geometry instrument of the same radius sector.


Using just simple geometrical relationships made the first optimization. We fixed (" = 0 ; l"/R = 0.75 and we searched the optimal values for (’ and (, taking into account our criteria.

The next step was to consider the case of (" ( 0. The equations describing the focusing properties of a magnetic sector are extensive, so solving them manually is a tedious, laborious task. Using the Matlab programming language, we wrote some programs that allow the calculations to be performed by computer and facilitate a systematic search for favorable solutions.


Three parameters ( , l’ and (’ were varied systematically and the program yielded solutions for l", (" , My and Mz . The search area was ( = 60( to 140(, (’= - 45( to +45( and l’ from 0.5R to 1.5R . However, we already knew that the optimal area was ( = 120( and   (’= 20( to +45( which was then investigated on a finer scale. 


A final solution, picked from an optimum compromise for the criteria discussed above, yielded a geometry of ( = 120(, l’ = 1.326R, l"= 0.971R, (’= 34.1( and (" = 47.8(. 

The design and theoretical performance is compared in Table 1 with a known geometry (reported by Cross) for stable isotope mass spectrometers. The Cross-geometry has an upper magnification coefficient; the path length of our analyzer is considerably shorter than in the case of the Cross. Both extended geometries have double direction focusing.

Table 1

Parameter
As (opt.)
  Cross
 As (trig.)

((deg)
 120
   90
120

l’(R)
     1.326
     2.0
    0.67

l"(R)
     0.971
     2.0
    0.75

(’(deg)
   34.1
   26.57
  40.0

("(deg)
   47.8
   26.57
    0.0

Radial angular coeff. at l"(()
     0.00
     0.00
    0.00

Axial angular coeff. at l"(()
     0.00
     0.00
    3.77

Dispersion 
     3.94
     4.00
    2.15

Magnification
     0.99
     1.00
    0.73
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We also investigated another geometrical arrangement, namely, a double focusing analyzer with an electric deflector and a magnetic deflector in a reverse-geometry (Fig.2).

Fig. 2


To calculate the ion-optical properties of this kind of analyzers the following transfer matrices are to be used: the source-analyzer field-free space, the electric and magnetic fields, the field free space between the sectors and the last field-free space and the fringing fields at the entrance, respectively at the exit side of each sector.


The over-all transfer matrix [T] of this system is expressed as follows:

[T] = [Le]([Fre,34]([E]([Fre,12]([(]([Frm,34]([M]([Frm,12]([ [Lm]


The condition of the first-order focusing is given by T12  = T13,= 0. 

Assuming the electric field is homogeneous and straight effective boundaries a computer exploration gives the following combinations:

Nr
lm’

(Rm)
(’

(deg)
("

(deg)
( m

(deg)
(
(Rm)
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(Rm)

1.
 0.833 
    0
- 24
120
  0.155 
104.85
1.50
0.469 

2.
 0.632 
    0
- 28.6
  65
  0.75 
129.6
1.166
0.24 

3.
 0.121 
  10
  28.6
103
  0.10 
147.3
1.50
0.25 

4.
 1.10 
  17
- 24.77
119.5
  0.25 
  81.36
1.50
0.97 

where: Rm= 6 cm.
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We already construct a double focusing analyzer with Wien filter and magnetic deflector (both located in the same pole-gap). Part of the homogeneous magnetic sector is transformed in a Wien filter when two plane condenser plates are immersed into the gap. The entry and exit pole boundaries are to be cut in such a way that the beam enters and exits at the same angle. (see Fig.3)

Fig.3


To calculate the ion-optical properties of this kind of analyzers the following transfer matrices are to be used: of the source-analyzer field-free space, of both the electric and magnetic fringing fields at the Wien filter’s entry, including oblique incidence, for the Wien filter unperturbed crossed-fields, the exit electric fringing field of the filter, for the homogeneous magnetic sector part, for the exit magnetic fringing fields, oblique incidence, and for the last field-free space.


The first-order radial angular and energy focusing conditions give:




L = 1/(tan ( - tan (’) , z = (’




Mx = - 1, D( = L tan (,

where L is the length of first and last field-free space, D( the mass dispersion coefficient, z the Wien filter effective length, all in units of the main path radius r0.


Stigmatic focusing is obtained if the following additional condition is fulfilled:



tan ( = (1/( + tan ()/2


for My = +1

or



tan ( = (tan ()/2

            if   My = (1

Assuming the electric field is homogeneous and straight effective boundaries, a computer exploration gives the following basic parameters for a particular geometry with My = +1:

( = 88(, ( = 86.09(, L = 0.071

and for another with My = (1:




( = 60(, ( = 40.89(, L = 1.1547


This design ensures stigmatic focusing enhancing sensitivity by an order of magnitude, additionally, it ensures energy focusing making the instrument’s resolution insensitive to increased energy spread. While the resolution increase by energy focusing is not always spectacular for such small instruments, this kind of focusing offers a dramatic sensitivity improvement by using a thick ionizing electron beam and increasing the ion extraction from the ionization chamber.

Conclusion


The new analyzers have shown improved performances to develop mass spectrometer as a mini system, i.e. portable, over conventional designs. The ion optical design (short ion pathway and high dispersion) is important here. A substantial sensitivity and resolution increase were obtained. It is also possible to build compact double focusing mass spectrometers, by using a Wien filter and a magnetic deflection sector, both included in a common pole-gap.
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