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Abstract 

We have developed a new type of isochronous mass spectrometer of cylindrical geometry. High mass resolving power 
and high geometric factor are achieved, which significantly exceed current designs in use for the analysis of energetic 
particles of space plasmas. In combination with an electrostatic energy analyzer the instrument will be used for the 
measurement of the elemental, isotopic, and molecular composition of space plasmas. We present a theoretical treatment 
of linear and isochronous mass spectrometers, and numerical simulations of a laboratory prototype built in order to 
optimize the instrument for mass resolution and detection efficiency. We also discuss experimental results on isotopic and 
molecular resolving power obtained with the prototype. 
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I. Introduction 

Mass spectrometers intended for use on a 
spacecraft are subject to severe constraints on 
instrument design concerning volume, weight, 
power consumption, and long-term main- 
tenance-free operation of the instrument. For 
many years, the usual choice for determining 
in situ the composition of low energy space 
plasmas was the use of magnetic spectro- 
meters. The combination of electrostatic and 
magnetic fields permits a separation of ions by 
mass per charge. In recent years, another type 
of spectrometry was introduced to space 
instrumentation, the time of  flight versus 
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energy (TOF-E)  technique, which combines 
a linear time-of-flight mass spectrometer and 
an energy measurement [1]. Unlike the early 
instruments, it is now possible to determine 
charge and mass separately. This is especially 
important for resolving multiply charged 
particles in space plasma applications, e.g. to 
distinguish C 6+ from He 2+ in the solar wind, 
or O + from S 2+ in the magnetosphere of 
Jupiter. Linear TOF versus E instruments are 
now well established for space plasma ion 
composition measurements. They have been 
successfully flown on several missions [2,3], 
and valuable new data have been collected, 
contributing significantly to the understand- 
ing of solar and planetary physics [4]. 

The next important step in instrument 
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improvement was the realization of  iso- 
chronous TOF mass spectrometers, where 
the ions travel in a suitably configured electric 
field. Isochronous TOF instruments make use 
of a linearly increasing electrostatic field to 
repel the ions within the TOF section. Mass 
resolutions M / A M  of  100 and more can be 
reached when the geometry of  the electric 
field is close to ideal. However, realizations 
of isochronous instruments so far either have 
approximated the electric field to a limited 
degree [5] or have made use of  a configuration 
with an incomplete harmonic field combined 
with a linear TOF section [6]. In this paper, 
we present a different type of isochronous 
TOF mass spectrometer which uses a cylindri- 
cally symmetric harmonic potential, i.e. an 
exact realization of  the theoretically perfect 
field. With this instrument, we realized an 
approach to limit defocusing of ions inside 
the TOF region, an effect inherent to current 
instrument designs [6,7]. Thus, high detection 
sensitivity is achieved. In combination with the 
high mass resolution the measurement  of 
isotopic abundances in space plasmas 
becomes feasible. This will open up important  
avenues in the study of the Sun and will 

further other geophysical and astrophysical 
objectives. 

2. Basic instrument design 

In the following section, we shall discuss in 
detail and compare the properties of  linear 
TOF instruments and of isochronous TOF 
instruments. We shall then introduce a new 
instrument, CYLMAS,  which combines these 
two techniques. The combination of these two 
techniques even allows identification of 
isobaric molecules, as will be shown later. 

2.1. Linear TOF instruments 

T O F - E  instruments combine an electro- 
static analyzer, a time-of-flight section and a 
solid state detector. A schematic drawing of 
such an instrument is shown in Fig. 1. The 
electrostatic analyzer selects the incoming ions 
by their energy to charge ratio (E/Q) and 
serves also as a trap for ultraviolet light. In 
the TOF section the flight time, T, of  an ion is 
measured as it passes through a thin entrance 
foil and is absorbed by the solid state detector 
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Fig. 1. Schematics of  a linear TOF instrument showing the principal elements: entrance system, carbon foil, TOF path, MCP detectors, 
and the solid state detector. 
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(SSD) at a distance l away from the entrance 
foil (Fig. 1). The electron emission from the 
entrance foil, in most cases made of carbon, 
provides the start pulse, and the electron emis- 
sion from the SSD provides the stop pulse for 
the time measurement. In addition, the SSD 
determines the residual energy EssD of the 
impacting ion. The energy threshold of SSDs 
makes it necessary to post-accelerate the ions 
before they enter the TOF E system. In cur- 
rent instrumentation, post-acceleration vol- 
tages (Va) of 20-30 kV are applied. In such 
an instrument, the mass per charge M/Q, 
the mass M, and the charge state Q are given by 

M / Q  = 2(r/l)2 l(V a + E /Q)  

M = 2(r/l)2(EssD/c@ 

Q= ( EssD/ct2) / [tYl ( Va + 

where cq describes the energy loss in the foil 
and c~ 2 the pulse height defect in SSDs. 

This type of TOF, also called a linear TOF 
spectrometer, has been successfully flown on 
several missions, and valuable new data have 
brought new insights into solar and planetary 
physics. Despite its benefits, the T O F - E  
technique also has some inherent limitations. 
Its M/Q resolution is limited by angular 
scattering and energy straggling of the 
incident ions in the foil, and its M resolution 
is severely limited by the energy resolution of 
the SSD, which in this application operates 
close to its lower detection limit. 

The relative TOF uncertainty, Ar/r, of a 
linear TOF spectrometer is given by 

(1 AEfoil" ~ 2 
(AT~T) 2 = (AT-e/7-)2q- ~,2 "g // 

q- (~ A~EA-) 2q-(AI/;) 2 (1) 

which converts to the mass resolution through 

M/Q - ~ 0-/zx~-) 
A(M/Q) 

There are several contributions to the TOF 
uncertainty which have to be considered: the 
resolution of the time measuring system, Are, 
the energy straggling of the ion in the foil, 
AEfoil, and the variability of the flight path, 
Al, due to angular scattering in the foil. The 
resolution of the time measuring system is 
given by the employed electronics and the 
TOF dispersion of the start electrons and 
stop electrons. The latter can be minimized 
by an adequate setup. Are is independent of 
the ion energy at the entrance. Therefore, the 
relative error ATe/T is proportional to the 
velocity of the particle, i.e. to the square root 
of the energy: 

ATe~7- = ATe (2ElM) I~2 
? 

The energy straggling AEfoil is the width of 
the energy distribution of monoenergetic ions 
at the exit of the carbon foil. The usual 
abbreviation for this quantity is [2, with 
f~2 = ( ( A E -  (/XE))2). From experimental 
data [8] and theoretical considerations [9], we 
know that the energy straggling is given by 

f~/g oc 1/(ME) 1/2 (2) 

The relation includes a rather complex 
dependence on Z1 and Z2 (atomic numbers 
of projectile and target, respectively), which 
is of minor interest here. The relative energy 
uncertainty of the energy analyzer (AEEA/E), 
which is part of the entrance system, also has 
to be taken into account when evaluating the 
mass resolution of the entire system. It mainly 
depends on the chosen geometry, and for an 
electrostatic system it is independent of the 
particle energy. (AEEA/E) is usually in the 
range 1-10%. 

The angular scattering of particles passing 
the carbon foil causes a variation in the length 



80 L. Gubler et al./International Journal of  Mass Spectrometry and Ion Processes 148 (1995) 77-96 

of the flight path. According to Blokland et al. 
[10], the half width, @1/2,  of the angular 
distribution behind the foil in degrees is 

~ 1 / 2  = 12000(Z13/43/E) 

where Z~ is the atomic number of the 
projectile, S is the area density of the carbon 
foil in # g c m  -2 and E is the energy in eV. 
Hence the variation of the length of the flight 
path is 

Al/t = 1 l] 
C O S ( ~ 1 / 2 )  

Normally, this contribution is negligible; the 
angular scattering is only important for very 
low particle energies. 

Fig. 2 shows the TOF resolution of a linear 
TOF spectrometer for the applicable energy 
range. The different contributions to the 
mass resolution, as identified in Eq. (1), are 
shown for an H + ion only. For the length of 
the flight path 0.2 m, and for the resolution of 
the time measuring system ATe = 1 ns were 

assumed. For the relative uncertainty 
(FWHM) of the energy analyzer, 1% and 
10% are evaluated. This set of parameters 
represents the realized experimental setup, 
which will be described later. In an actual 
instrument for a space application, 
(/kEEA/E) would be up to 10%. For 
energies up to 105 eV, the energy straggling 
in the carbon foil dominates the resolution, 
and therefore the relative uncertainty of the 
TOF, A~-/7, is approximately proportional 
to lIE 1/2. For higher energies, the resolution 
is limited by the resolution of the energy 
analyzer and the time measuring system, 
since the flight time becomes shorter. For 
higher energies, we find A(M/Q)/(M/Q) 
proportional to E 1/2. In the center of the 
energy range is a minimum with optimal 
mass resolution (M/Q)/A(M/Q) where opera- 
tion of the instrument is desired. Mass resolu- 
tions of actual instruments are typically ~ 15 
[11], since it is impossible to operate the instru- 
ments at the minimum of AT/?- for all ion 
species. It can be seen that the mass resolution 
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Fig. 2. Time resolution ( ) of  linear TOF instrument as a function of ion energy according to Eq. (1) for an instrument of  20 cm 
length, and resolutions of  the energy analyzer of  1% and 10% for hydrogen ions. The individual contributions to the time resolution are 
identified ( ). 
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cannot be improved by lengthening the flight 
path for ion energies obtained by post- 
acceleration in a space instrument (currently 
limited to ~ 30 kV Q). 

For a TOF E instrument, the uncertainty of 
the mass determination results from the 
limited energy resolution of SSDs. Other con- 
tributions such as the energy straggling in the 
foil can be neglected. An expression for the 
precision of the energy determination using 
an SSD is given by Oetliker [12]: 

A E s s D / E s s D  = 1 . 5 2 ( M / E )  °92 (3) 

where M is measured in u and E is measured in 
keV. A E s s D / E s s  D is essentially a result of the 
energy straggling of the ion in the thin con- 
ducting front layer of the SSD and of the 
energy loss by excitation of phonons inside 
the solid. In addition, it depends on the direc- 
tion of propagation of the particle in the solid, 
because of the channeling effect. For an energy 
resolution of 1%, one obtains from Eq. (3) a 
minimal particle energy of 240 keV/nucleon. 
Thus the use of an SSD is only reasonable at 
sufficiently high particle energies. At the 10% 
level, 19 keV/nucleon are still necessary, which 
exceeds current HV technology for space appli- 
cations. SSDs are suitable devices for the inves- 
tigation of particle populations, which originate 
from such sources as solar flares and inter- 
planetary shocks [13]. Post-acceleration of 
ions is applied to extend the range to lower 
energies, but 30kV is currently a reasonable 
maximum. Therefore the resulting energies of 
ions in low charge states are close to the lower 
detection threshold of most SSDs. 

2.2. Isochronous T O F  instruments  

With the use of a new isochronous TOF 
configuration, the mass resolution can be 
significantly improved. An isochronous TOF 
mass spectrometer takes advantage of the 
fraction of incident particles leaving the 
carbon foil as singly charged ions [14,15]. 

Within the TOF section of an isochronous 
instrument, the ions are reflected back to the 
entrance plane by a linearly increasing electro- 
static field of the form E(z )  = 2wz,  which is 
derived from a potential of the form 
• (z) = wz 2 where w is the scaling constant. 
The z direction is taken perpendicular to the 
entrance plane which is located at z = 0. Since 
the motion of the ion in the z direction is 
independent of the motion in the xy plane, 
the motion in the z direction is described by 

d2z O 
- -  + 2 w ~ z  = 0 
dt 2 M 

which corresponds to a harmonic oscillation 
along the z axis with a period of 

7r¢2 M'~ 1/2 
T =  

This period of oscillation is independent of the 
initial conditions such as initial energy or 
entrance angle. Therefore the TOF of an ion 
is only proportional to the square root of the 
mass to charge ratio, ( M / Q )  1/2. For an ideal 
isochronous configuration, the resolution is 
only limited by the resolution of the time 
measuring system. The effects of the carbon 
foil, in particular the energy straggling and 
the angular scattering, cannot degrade the 
mass resolution any more and the mass to 
charge ratio of the ions can be determined 
accurately. 

Independent of their initial charge state, the 
majority of particles leave the foil neutral or as 
singly charged ions, because of charge- 
exchange processes while passing the carbon 
foil [15,16]. The neutral particles are not 
deflected by the electrostatic field and leave 
the isochronous TOF section. Since multiply 
charged ions are rare at the energies con- 
sidered [16], the mass per charge spectrum 
consists mainly of singly charged ions and 
thus corresponds largely to a pure mass spec- 
trum, with little interference from doubly 
charged species. 
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2.3. Combination o f  linear and isochronous 
TOF instruments 

The incoming particles that leave the start 
foil as neutrals are not affected by the electric 
field. Therefore a linear TOF channel can be 
added to the isochronous instrument, leading 
to a combined instrument with a linear and an 
isochronous TOF channel, which both use the 
same carbon foil to produce the start pulse. 
The ions are analyzed in the isochronous 
TOF channel and the particles which leave 
the foil as neutrals are analyzed in the linear 
TOF channel. If the neutrals are stopped by an 
SSD it is possible to obtain the charge-state 
distributions and the mass distribution of the 
investigated plasma simultaneously, the latter 
with a very good mass resolution. 

The combination of a linear and an iso- 
chronous TOF channel leads to the following 
important additional application. In the car- 
bon foil all the molecules break up into 
atoms. If a molecule breaks up into a neutral 
and a charged fragment, they can be detected 
simultaneously in each TOF channel and 
generate a double coincidence [7]. The 
original velocity of the molecule can be deter- 
mined from the neutral fragment. Together 
with the E / Q  information from the energy 
analyzer, the M / Q  of the molecule can be 
inferred. At the same time, the mass of the 
charged fragment is measured with high 
precision. Therefore it is possible to identify 
simple molecules and to distinguish them 
from atoms or other molecules of the same 
mass. Results of this application are reported 
later in this paper. 

3. Design criteria for an instrument for the 
measurement of three-dimensional plasma 
distributions 

The geometric configuration of an iso- 
chronous mass spectrometer is determined by 

various requirements in addition to the high 
mass resolution. In the following section, an 
instrument will be described which will be 
able to scan the complete three-dimensional 
velocity distribution of ions, if operated on a 
spinning spacecraft. To achieve this goal, a 
so-called "top hat" hemispherical energy ana- 
lyzer is chosen as an entrance system [17]. To 
fit the circular exit of the hemispherical 
analyzer, the TOF section has to be rotation- 
ally symmetric. The instrument is therefore 
called CYLMAS (CYLindrically symmetric 
MASs spectrometer). 

The value of the electrostatic potential at 
any location in a charge-free field is deter- 
mined by the Laplace equation. In order to 
fulfill the requirements stated above, the 
analytical expression for the potential 
within an isochronous TOF mass spectro- 
meter must obey the three following 
conditions: 

(1) fulfill the Laplace equation in cylindrical 
coordinates 

A~(r, 0, z) = 

0 0 2 1 0 1 0 2 "~ . 

~TS2+-~Tr2+7~+7-~- jJ~b(r ,O,z)  = 0; 

(2) exhibit rotational symmetry 
• (r, v, z) = z); 

(3) allow a separation of the r and z 
dependences, with the z dependence being 
quadratic 

¢~(r, z )  = WZ 2 Jr- f fJ(r).  

The general solution of the Laplace 
equation under these three conditions has the 
form 

• (r, z) = a + b log(r/R) + c[2(z/R) 2 - (r /R) 2] 

(4) 

where a, b, and c are free parameters, and R is 
a fixed geometrical scale factor. The r depen- 
dence is given by a quadratic and an additional 
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logarithmic term. For the realization of such 
an instrument, it is most advantageous to 
choose equipotential surfaces given by Eq. 
(4) to shape the boundaries. 

An experiment which uses a potential 
without the logarithmic term, i.e. of the form 

~ ( r ,  z) = a + c [ 2 ( z / R )  2 - ( r / R )  2] 

is described in Ref. [7]. It corresponds to the 
potential of a cylindrically symmetric quad- 
rupole as used in an ion trap or quistor. 
With c = 0, Eq. (4) describes the logarithmic 
potential distribution of a cylindrical capacitor 
with the axis of symmetry along the z axis. In 
general, the potential • described by Eq. (4) is 
the sum of a quadratic and a logarithmic com- 
ponent. The quadratic contribution of the 
potential has a negative gradient in the r direc- 
tion. This represents a repelling force from the 
center axis, and as a consequence particles are 
deflected outwards and may get lost. An 
attracting, logarithmic contribution compen- 
sates partly for this defocusing effect. Unfor- 
tunately, the logarithmic contribution 

decreases rapidly with increasing distance 
from the center axis. Such a solution was 
used in an instrument to analyze dust particles 
[18]. 

In the following, the optimization of  para- 
meters a, b, and c in Eq. (4) will be discussed. 
In Fig. 3, the important parts of a mass spec- 
trometer using the potential given by Eq. (4) 
are shown. Despite the rather complex r and z 
dependences, only three electrodes are neces- 
sary to realize the potential: a lower, circular 
electrode, an upper cup, and a thin central rod. 
The cylindrically symmetric electrodes, the 
upper cup and the lower electrode are on 
fixed voltages. On the central rod a linearly 
decreasing field is generated with a special 
resistive coating. The radius of the detector, 
R, is adapted to the size of commercially avail- 
able detectors. The radius of the central rod, rs, 
is minimized and the potential at the footpoint 
of the central rod, ¢~s, is maximized within 
technically feasible values. Similarly, e/,0, the 
voltage of the upper cup, is set at a technically 
feasible value. With these considerations, a 

Fig. 3. Schematic cross-section through C YL M AS  showing the lower electrode, the upper electrode with the grid, and the central rod. 
The r O-z coordinate system, the angles a and/3 for an ion entering the harmonic potential at point P '  and hitting the detector at P", 
and the radii tin and rmi n located in the rO plane are identified. 
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and b are defined. This leaves c open for opti- 
mization of the instrument performance. We 
replace c by the more convenient quantity Z / R  
(see Fig. 3), where R is set to the inner radius of 
the lower electrode. Thus Z / R  is the ratio of 
height to diameter of the TOF section. With 

¢b(R, Z)  = o~ o = a + c[2(Z/R) 2 - 1] 

and the above-mentioned boundary con- 
ditions, the following expression for the 
potential is derived: 

= % + 1 (b o - ¢'u 

2 ( Z / R )  2 

( 
× ~,1 + 2(z /R)  2 - (r/R) 2 

+ [2(Z/R)2~oSo-~U ~u 

log(r/R) "~ 
x log(rs/R) j 

4- (rs/R) 2 - 1] 

(5) 

3.1. Mass resolution o f  an isochronous TOF 
instrument 

For the mass resolution of an isochronous 
TOF instrument, an expression can be derived 
similar to that given for linear TOF instru- 
ments in Section 1. Because of the special 
properties of the isochronous instrument, the 
terms for angular scattering and energy strag- 
gling in the carbon foil can be omitted; only 
the uncertainty of the TOF determination 
remains. However, another term, ATf, has to 
be considered, which accounts for the non- 
ideal realization of the harmonic potential, 
mainly due to fringing fields. The expression 
for the mass resolution is 

(M/~XM) = ½(~-/A~-)= 

1 [(z~XTe/7.)2 _~_ (ATf /T)2] - I /2  (6) 2 

The uncertainty of the time measurement 

system, Are, is a combination of the resolu- 
tion of the electronics and the TOF dispersion 
of the start electrons. This uncertainty is 
constant and does not depend on the energy 
or mass of the particle. Therefore we can 
write 

Are 
ATe/7 = ~ ( cQ/M)  U2 

Are (7) 
-- rR (Z / R )  [2('~O - ~u)-~] 1/: 

The limitation of the resolution due to ATe is 
inversely proportional to Z / R  and to the 
square root of the mass, because the total 
TOF scales with these parameters. 

To estimate the influence of fringing fields 
on the mass resolution, the TOF of ions from 
the carbon foil to the detector, If, can be 
divided into two parts: the actual isochronous 
TOF, ri, and a small additional contribution, 
Td, which corresponds to the motion in a 
basically field-free region Tf = ri + Td. The 
most likely place for significant deviations of 
the actual potential from the theoretical one is 
the volume in front of the detector. The 
variation of the TOF, Tf, is given by 
ATf = Ari + ATd. For ATd, the following 
expression is obtained using Eq. (2) for the 
energy straggling in the carbon foil: 

AT- d ( 3 ( ( M / E ) I / 2 ( A E f o i l / E )  o( l I E  

Since the variation of the TOF in the iso- 
chronous section is zero (Ari = 0), we obtain 
for the total variation of the TOF 
Arf = Ar  d (x E -I. With the assumption 
Ti >> Td, the influence of the field-free space 
on the determination of the TOF is given 
by 

1 2 ( ~ 0  - ~ u )  (8)  
A T f / T  -- 7 r R ( Z / R )  2 

where k is a parameter which characterizes the 
actual realization of an instrument, e.g. fringe 
fields, not perfect realization of the potential, 
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and the energy straggling in the carbon foil. 
Inserting Eqs. (7) and (8) into Eq. (6), we 
finally obtain for the mass resolution 

2 2(~0 {u) 

X [ATe 2 -}- (k/E)2] -1/2 

1/2 

(9) 

Thus the mass resolution M / A M  is 
determined by three factors. 

(1) M / A M  is directly proportional to the 
ratio Z/R .  A taller instrument results in a 
better mass resolution. 

(2) The potential difference between the 
upper and lower electrodes, q~o - 'I~u, as well 
as the mass per charge ratio of an ion, deter- 
mines the isochronous TOF and thereby the 
resolution of the instrument. The longer the 
TOF (the heavier the particle), the better the 
mass resolution M / A M .  This is another 
advantage of this type of instrument as it 
brings about high mass resolution in the 
mass range where it is most needed. 

(3) The third factor consists of two additive 
terms. The first term represents the uncertainty 

of the time measurement system and the 
second term represents the imperfect realiza- 
tion of the electrostatic field. In order to 
obtain good mass resolution, both contribu- 
tions must be as small as possible. A good 
resolution of the time measuring system does 
not help as long as the field realization is poor, 
and vice versa. The parameter k contains the 
effects of the energy straggling in the carbon 
foil (Eq. 2) and the effective dimension of the 
region with perturbed potential. Hence it con- 
tains instrument characteristics such as the 
level of perfection of the electrostatic field 
and the particulars of the carbon foil. 

3.2. Angular acceptance 

Using the laws of conservation of energy 
and angular momentum in the r# plane, an 
expression for the TOF from a given entrance 
radius to the minimum radius in the TOF 
section is given by 

Jri. [rmi" ~f 2[,iv* M 2 r  2P2 }-1 /2  T = .-77. [Ere - Qcb(r, 0)] dr 
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where rin and rmi n are defined in Fig. 3. P is the 
angular momentum of the ion moving in the rO 
plane: 

p = Mr 2 dO 
dt 

and Ero is the component  of the total energy of 
the ion in the rO plane: 

M (dr'~ 2+r2 (dO) 21 
Ere = 2- \d tJ  d t  + Q~b(r,O) 

Both P and Ero depend on the direction and 
energy of an ion at the point of entrance. 
• (r, 0) is the electrostatic potential in the 
plane with z = 0. For successful detection of 
a particle, the TOF in the isochronous direc- 
tion z has to be shorter than twice the time 
which the particle needs for the motion from 
rmi n t o  rma x in the rO plane (see Fig. 3). If this 
condition is not fulfilled above z = 0, the par- 
ticle has a theoretical impact location with 

r > R and hits the lower electrode instead of 
reaching the detector. The angular momentum 
of the particle is essentially determined by the 
entrance angle /3. By varying the entrance 
angles o~ and/3, the angular acceptance of the 
instrument can be calculated and expressed as 
a solid angle. The angular acceptance depends 
on the energy and on the instrument geometry 
in terms of Z/R. 

The resulting angular acceptance as well as 
the mass resolution from the previous section 
are shown in Fig. 4 as a function of the 
parameter Z/R. As can be seen, high mass 
resolution has the penalty of a low angular 
acceptance and therefore a small geometric 
factor and vice versa. For practical 
applications a compromise has to be sought. 

3.3. Numerical simulations 

To determine the ion optical properties of a 

Fig. 5. Result of an ion optical simulation of the final geometry showing isocontours of the potential and ion trajectories. The points on 
the ion trajectories give equal time intervals to illustrate the isochronous operation of  the instrument. 
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real electrostatic ion optical system the poten- 
tial has to be calculated numerically. This 
allows investigations of the deviations of the 
electric field from the desired configuration 
given by Eq. (4), due to field-free space and 
fringing fields. Given the boundary con- 
ditions, the electrostatic potential in the empty 
space can be modeled with the aid of the 
method of finite differences. We used the suc- 
cessive over relaxation (SOR) method to calcu- 
late the potential, following Hageman and 
Young [19]. Using the resulting potential distri- 
bution, the ion trajectories can be calculated. 
This is accomplished with a Runge-Kut ta  pro- 
cedure. Since the geometry of the CYLMAS 

instrument is rotationally symmetric, it is pos- 
sible to use a two-dimensional grid which 
greatly reduces the computational effort in 
comparison to a three-dimensional calculation. 

Using this numerical simulation, three parts 
of the instrument are optimized in terms of 
mass resolution: the grid, the potential 
distribution on the central rod, and the dis- 
tance of the detector entrance plane. Fig. 5 
illustrates the result of a simulation of the 
final geometry: the contour lines of the electro- 
static potential and typical ion trajectories are 
shown. Time marks are given on each trajec- 
tory to illustrate the isochronous operation of 
the instrument. 

Fig. 6. Photograph of  the laboratory prototype of the C YL M AS  instrument.  Both detectors are removed to allow a better view of the ion 
optical components.  



88 L. Gubler et al./International Journal of  Mass Spectrometry and Ion Processes 148 (1995) 77-96 

4. Experimental results 

4.1. Laboratory prototype 

In order to demonstrate the performance of 
the CYLMAS instrument a laboratory proto- 
type was built. A picture of the instrument is 
shown in Fig. 6. The prototype, with a single 
entrance location in the lower electrode and 
without top-hat analyzer, was tested in a cali- 
bration chamber. In Fig. 6 the particle detec- 
tors for ions, electrons, and neutral particles 
are removed to give a better view of the elec- 
trodes of the instrument. For both detectors, 
multi-channelplate detectors (MCPs) were 
used. They are the best choice to cover large 
areas and to provide short time pulses [20]. 
The central rod is a ceramic rod with a resis- 
tive coating chosen to produce the necessary 
potential conditions ff)(z, rs) in Eq. (5). 

To allow the neutral particles to pass 
through the upper electrode, a large part of it 
is realized as a grid. The ideal shape of the grid 
follows an isocontour of the potential from 
Eq. (4). It turns out that it can be approxi- 
mated by a fiat grid. This was confirmed with 
numerical simulations comparing the ideal 
instrument configuration with one employing 
a flat grid. No substantial differences between 

the two simulations were found. The grid was 
realized by wrapping a thin copper-beryll ium 
wire (0  50 #m) between 24 bolts on the 
perimeter of the open area. A high trans- 
parency of 95% was achieved, thus minimiz- 
ing the scattering of neutrals and the 
generation of secondary ions, which would 
both contribute to the background in the 
isochronous channel. 

4.2. Isochronous TOF spectra 

For the first tests of the CYLMAS proto- 
type, a very simple ion source (Nier type) 
was used, providing a monoenergetic ion 
beam without any mass (M/Q) filtering. 
Thus the actual ion beam always contained a 
mixture of atomic and molecular ions (if a 
molecular gas was introduced). In Fig. 7, a 
typical isochronous spectrum recorded with 
the CYLMAS instrument is shown which 
was obtained using a gas mixture of CO, N2, 
and O2. The voltage settings for the instrument 
are G 0 = 17.5 kV, ~u = -1.75 kV, and ~s = 0 
V. A beam energy of 40 keV was used. With 
these voltage settings, only positively charged 
fragments from molecules breaking up in the 
carbon foil can be analyzed in the isochronous 
channel. These settings have been chosen in 
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order to optimize the detection of  molecules 
(see Sections 4.5 and 4.6). The incoming 
atomic ions were not reflected in the instru- 
ment  because their energy was too high, and 
they passed through the CYLMAS instru- 
ment. The major isotopes are clearly resolved 
as can been seen in Fig. 7. The carbon ion 
dominates the spectrum because carbon has a 
higher ionization efficiency than oxygen [16]. 
On a logarithmic scale, contributions from 
rare components  become visible: lSc+ as well 
as the doubly ionized species 12C2+ and 1 6 0 2 +  

can be identified. The spectrum shown in Fig. 
7 is smoothed (three-point-interval smoothing) 
and the background is subtracted after fitting 
it with a polynomial. 

4.3. Mass resolution 

Based on measurements with various gas 
mixtures and beam energies, the dependence 
of the mass resolution on the mass was investi- 
gated. For  hydrogen, a mass resolution of 17 
and for the heavier atoms like C, N and O a 
mass resolution of  approximately 67 was 
achieved. Fig. 8 shows a comparison between 
the results from several measurements and Eq. 

(9). Since these measurements were performed 
at different beam energies, different mass reso- 
lutions are obtained. From Eq. (9) we expect a 
dependence M / A M  ~ E 1/2. With k = 1.58 x 
10 -4 eV, all measurements are reproduced well 
by Eq. (9) after taking into account the energy 
loss in the carbon foil. The two dotted lines in 
Fig. 8 represent the mass resolution according 
to Eq. (9) for ions with the highest and lowest 
beam energies. All data points are consistent 
with Eq. (9). The value o f k  = 1.58 x 10 -4 eV 
corresponds to a length of  the perturbed field 
of  15 mm, and a width of the TOF peak of 

2 ns. The latter value has been observed in 
the recorded spectra, and the length of the 
perturbed field region matches with the gap 
between the lower electrode and the detector. 
Thus, the ansatz for the mass resolution is 
indeed justified. The Z 1 and Z2 dependences 
of  the energy straggling (Eq. (2)) is not 
included in Eq. (9), and could be the reason 
for the straggling of  the data points around the 
calculated mass resolution. 

The non-ideal field in front of  the detector is 
the main reason for the limitation in mass 
resolution. Unfortunately,  there is no simple 
remedy for this limitation, since the entrance 
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of the detector is a conducting surface and thus 
defines an equipotential plane at a location 
where a potential gradient would be required. 
As mentioned above, the settings of the 
CYLMAS instrument for these measure- 
ments were optimized for the detection of 
molecules. If the CYLMAS instrument para- 
meters are optimized for atomic ions, further 
improvement of the mass resolution is 
observed (Fig. 9). 

4.4. Determination of isotopic ratios 

The mass resolution of the CYLMAS 
instrument is sufficient to resolve isotopes 
and to determine the natural abundance 
ratios of the isotopes 1 2 C / 1 3 C ,  14N/15N and 
160/180 (see Fig. 10). The obtained spectra 
can be analyzed accordingly and the results 
are compared to terrestrial values. For the 
12 13 o o C/  C ratio we obtain 1.3 '/o (1.1 Vo), for the 
14 15 o o N /  N ratio we obtain 0.38 Vo (0.37 Yo), and 
for the 160/]80 ratio we obtain 0.24% 
(0.20%), with the terrestrial values given in 
parentheses. The analysis of the spectra 
involves smoothing of the data, background 
fitting by a polynomial, subtraction of the 
background, and integration of the resulting 
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Fig. 9. Mass resolution for 12C with CYLMAS optimized for 
atomic ions. 

peak over the pertaining intervals. The result- 
ing error bars of these measurements are still 
substantial. Significant improvement can be 
expected, however, with longer data collec- 
tion intervals. The intention of these measure- 
ments was primarily to show that the 
isochronous instrument is in principle able to 
determine isotopic abundance ratios. 
Obviously, the suppression of false coin- 
cidences, caused by particle scattering and 
electronic noise, is important.  In our case, 
extending the measuring period would help 
to significantly reduce the error bars. 

4.5. Spectra of H2 molecules 

The two TOF channels, the isochronous and 
the neutral channel, use the same carbon foil 
to produce a start pulse. If only those TOF 
measurements are considered when a signal is 
registered in both channels simultaneously, i.e. 
when signals which belong to the same start 
pulse are detected on both stop detectors, it 
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is possible to identify molecules. During 
passage through the carbon foil the molecule 
has to form a positively charged and a neutral 
fragment. The positive ion fragment is 
detected in the isochronous TOF channel, 
while the neutral fragment is detected in the 
linear TOF channel. The neutral fragment 
can be used to determine the velocity of the 
original molecule. Together with the E/Q 
information from the energy analyzer, or in 
our case the voltage of the ion accelerator, 
the total mass of the molecule can be 
derived. The mass of the charged fragment is 
measured in the isochronous channel at the 
same time. This information suffices to 
identify simple molecules. 

The principle of operation and the possi- 
bilities of this method are demonstrated with 
measurements of the H2 molecule. The simul- 
taneously measured flight times in the iso- 
chronous channel and in the linear channel 
form pairs of numbers which can be plotted 
as a two-dimensional histogram. Fig. 11 
shows such a two-dimensional representation 
of the coincident flight times for an ion beam 
consisting of H + and H + ions. Practically all 
ions have the same TOF in the isochronous 
channel, which corresponds to the TOF of an 
H + fragment from the incoming H~- molecule. 
The TOF in the neutral channel is also 
approximately the same for all events in this 
channel and is attributed to the neutral H 
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fragment originating from the incoming H~ 
molecule. The few other dispersed points  are 
caused by accidental coincidences and signals 
from scattered particles. Fig. 12 shows a histo- 
gram of flight times in the neutral channel for 
all events and for a subset of coincident events. 
Two additional peaks are visible in the full 
TOF spectrum (all events) when compared 
with the coincidence spectrum of the neutral 
channel. These two additional peaks result 
from hydrogen ions which lost their bonding 
partner in the ion source and entered the 
instrument as protons. In the acceleration 
region of the ion source they obtain a higher 
velocity than the H 2 molecules, which results 
in a shorter TOF. Since the H + ion cannot 
produce double coincidences, the two peaks 
for neutral and singly charged hydrogen are 

not visible in the histogram of Fig. 12. 
This demonstrates that an unambiguous 
identification of H 2 molecules is possible. 

4.6. Spectra of other diatomic molecules 

The measurement reported in Section 3.4 
can be applied to any other diatomic 
molecule. In that case, the identification of 
the second fragment in the neutral channel 
becomes more difficult owing to the limited 
mass resolution of the neutral channel (see 
Section 2.1). In Fig. 13, the two-dimensional 
histogram for the measurement of the gas 
mixture consisting of CO, N 2 and 02 is 
shown. The resolution in the isochronous 
channel is more than sufficient and allows for 
a very accurate determination of the mass of 
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the charged fragment. The spectrum in the 
neutral channel is somewhat harder to inter- 
pret because of the large energy spread of the 
particles after their passage through the car- 
bon foil. The molecules no longer appear as 
single spots in Fig. 13, but as elongated strips 
along the x axis (which represents the TOF in 
the neutral channel). However, after a more 
careful deconvolution of the data it is possible 
to identify all molecular ions, CO, N2, and O2, 
which entered the instrument [21]. The TOF 
distribution of the particles measured in the 
neutral channel, which are in coincidence 
with the detection of a C + ion in the isochro- 
nous channel, is shown in Fig. 14 together with 
the TOF distribution of all events in the 
neutral channel ( . . . ) .  Two peaks can be 
clearly identified, one for O- and one for O °. 
Both are fragments of singly charged CO 
molecules. Two additional peaks are possibly 
due to sputtering of C + from the carbon foil 
with O + and 02+ projectiles. 

The limitations in resolution of the neutral 
channel can be overcome if a second iso- 
chronous channel is used instead of the 
neutral channel. In this mode, the incoming 
molecule has to break up into two charged 
fragments. This measurement is accomplished 
by splitting the anode of the detector in the 
isochronous channel into several segments 
whose signals are read out independently. 
For the following measurement two different 
segments of the detector have been used. The 
result is shown in Fig. 15. CO and N2 
molecules can be clearly identified without 
further data manipulation. The diagonal line 
with coincidence events, visible for short flight 
times, is due to cross-talk between the two 
detector segments. This can be eliminated 
with an appropriate suppression of scattered 
particles on the MCP front side, by reducing 
the ion feedback effect, and improved shield- 
ing of the anode segments. The two segments 
which were used to detect the fragments are 
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located at different distances from the entrance 
location of the ion beam. The most prominent 
peak in Fig. 15 corresponds to events when C + 
is registered on the segment which is further 
away from the carbon foil than the segment 
which registers O +. This implies that the O + 
ion has a shorter flight path than the C + ion, 
and that it therefore entered with less energy. 
The segmented anode leads to a low detection 
efficiency for molecules in this mode. In the 
future, these measurements will be performed 
with a time measuring system which can accept 
multiple stop events in one channel and there- 
fore the entire detector area can be used. This 
is also a natural remedy for the cross-talk. 

It is evident from the presented results that 
the technique of multiple coincidences allows 
the determination of molecules by directly 
measuring the masses of their constituents 
with high resolution. Molecules having the 
same mass number but consisting of different 
atoms can be clearly distinguished, and iso- 
topic abundances can also be determined. In 
particular, the identification of CO and N2 has 
been demonstrated, which is of interest for the 
mass spectrometry of space plasmas. This 
opens up new perspectives in the construction 
of versatile high resolution, space-borne mass 
spectrometers and will lead to interesting 
applications in space research. 

(D 

t -  

O (D 

20 

15 

10 

2500 

2000 8 
E 

1500 "4" 

1000 

500 

-500 

0 -1000 
0 200 400 600 800 1000 1200 

time-of-flight [channel number] 
Fig. 14. TOF histograms in the neutral channel either measured in coincidence with C + ions detected in the isochronous channel ( - - )  
or for all events ( . . . ) .  



L. Gubler et al./lnternational Journal of  Mass Spectrometry and lon Processes 148 (1995) 77-96 95 

5. Further improvements 

There is still room for improvement of the 
instrument. The measurements show where 
changes in the design of such an instrument 
are necessary. The most important goal is the 
reduction of background. The importance of 
background reduction has been addressed in 
detail in a recent paper [22]. The major 
portion of the background originates from 
scattering of particles from electrodes. Many 
particles emerging from the carbon foil cannot 
be detected in the isochronous channel because 
they are not positively charged and cannot be 
deflected in the electrostatic field. After 
scattering from electrodes these particles can 
produce false coincidences. The measures to 
reduce the background from scattered particles 
can be divided into two groups, as follows. 

(1) The comparably abundant neutrals 
should not hit surfaces which form the bound- 
ary of the TOF volume. Scattering and 
charging effects produce ions and electrons 
which generate signals on the isochronous 
stop detector in coincidence with start pulses. 
Therefore the neutrals must leave the iso- 
chronous TOF section unimpeded. This is 
achieved with an open geometry. The present 
version of the upper electrode of the 
CYLMAS instrument already consists mostly 
of a grid. However, neutrals having moved 
outside the TOF section should not undergo 
any process which releases electrons, since 
electrons could be accelerated back into the 
instrument through the highly positive upper 
electrode and thereby cause false coincidences. 

(2) The ions should be detected with high 
efficiency. Every part of the instrument must 
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be designed and optimized accordingly. The 
aim is to maximize the yield of start pulses 
from ions. After passing the foil, ions should 
hit the detector in the ground plane, rather 
than other electrodes, and generate stop 
pulses with high efficiency. For example, the 
optimization of the electrostatic field, includ- 
ing a logarithmic term to focus the ions inside 
the spectrometer, is an important step to 
reduce the background of false coincidences 
and to improve the detection efficiency of ions. 
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