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a b s t r a c t

In this paper we present numerical modelling results for linear time-of-flight mass spectrometers
(TOFMSs) with higher-order space focusing. A brief account of the TOFMS theory is given together with
optimal geometries and electric fields which provide space focusing condition (i.e. the zero variation in
ion time-of-flight caused by a change in initial position). The effect of the initial velocity distribution, a
dominating factor that restricts resolution in TOFMSs, on the time-width of a peak in the mass spectrum
was demonstrated. The results have shown that the limitations of the mass resolution by different ini-
tial velocities of the ions play a significant role in determining the order of space focusing required in
practice. At room temperature no significant improvement in the mass resolution can be expected by
7.75.th

eywords:
iley and McLaren
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increasing the order of space focus, because the time spread due to the velocity dispersion and “turn-
around” time of the ion with a mass of 100 amu is about ∼20 ns. Therefore, the optimum resolving power
is about m/�m = 200, which is also experimentally measured using a homemade TOFMS. Nevertheless,
the theoretical analysis of the space focusing (no thermal energy distribution) is necessary as it provides
a reference for judging the importance of velocity distributions, as deviations from the ideal case.

© 2010 Elsevier B.V. All rights reserved.
imion

. Introduction

Time-of-flight mass spectrometer (TOFMS) is one of the simplest
ass analyzing devices, which separates ions, after their initial

cceleration by uniform electric fields, according to their velocities
hen they drift in a free-field region. It can be a simpler tech-
ology for mass analysis compared to scanning analyzers such as
agnetic sectors, quadrupoles and ion traps, and can readily reach
ass resolving power (m/�m) of 1000–10000 with very high effi-

iency by the use of simple, homogeneous accelerating fields in ion
ources [1–3]. In combination with matrix-assisted laser desorp-
ion/ionization (MALDI), it has paved the way for new applications
or biomolecules and polymers [4,5].

A major drawback with TOFMS has been the relatively poor mass
esolution due to the spread in the initial thermal energies or veloc-

ty of the ions with the same mass-to-charge (m/z) ratio as well as
he spatial distribution of them within the ionization region. It is
ossible to minimize the degradation in resolution brought about
y the initial distributions. To minimize the effects of velocity dis-

∗ Corresponding author.
E-mail address: muratyildirim@selcuk.edu.tr (M. Yildirim).

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2009.12.014
tribution on time resolution, several methods were successfully
introduced, such as delayed pulsed extraction [6], reflectrons [7],
electrostatic sectors [8,9], orthogonal acceleration [10], and multi-
turn ion optical geometries [11].

The time differences resulting from the spatial distribution
of the ions along the axis of the flight tube is commonly mini-
mized by incorporating the two-field acceleration geometry and
space-focusing principles introduced by Wiley and McLaren [6].
The focus condition given by Wiley and McLaren makes the flight
time of ions independent of their generating points in the ioniza-
tion region. Improvements to the Wiley–McLaren space focusing
have been proposed by a number of authors [12–17]. These articles
make reference to providing second- or higher-order corrections to
Wiley–McLaren space focusing. The equations of motion for space
focusing are commonly solved by assuming that the extracted ions
have no initial velocity. However, in a real laboratory TOFMS, the
velocity of the ion beam will exist in a Maxwellian distribution
corresponding to the temperature of the ion beam. The existence
of this velocity distribution will result in degraded resolution. At

room temperature (300 K or 26 meV) no significant improvement
in the mass resolution can be expected by increasing the order of
space focus from first- to higher-order because of the time spread
due to the velocity dispersion and “turn-around” time of the ions.
Therefore, the optimum resolving power is limited to m/�m∼200.

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:muratyildirim@selcuk.edu.tr
dx.doi.org/10.1016/j.ijms.2009.12.014
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Fig. 1. Simulation of a two-field linear TOFMS with space focusing: identical ions formed at slightly different distances (s) from the center of the source region (D̄1) shall
have the same flight time. The ion source electrodes were assumed to have centered holes with a diameter of 10 mm covered with a perfect grid (realistic grids were not
included in the simulations because their effects strongly depend on the type of grids used). The ionization region is located in the middle of the first and second plate, the
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olecular beam axis coming from the axis, and the ionizing radiation being perpen
enerated in the source is accelerated to a fixed kinetic energy, and released in the

ven and Dick [15] have reported m/�m = 1200 using a
hree-field linear TOFMS with second-order focusing. But, they
sed the pulsed extraction technique which gives the higher
esolution.

In this paper, we describe the design of multi-field linear
OFMSs, considering the analysis of the equations of motion for
igher space focusing. The effects of initial velocities on the time-
ispersion of ions are demonstrated numerically using Simion[18].

t is shown that the higher-order space focusing with multi-field
evice is not realized due mainly to dispersion in initial thermal
elocity of the ions. This was experimentally checked using a home-
ade three-field linear TOFMS without using pulsed extraction

nd velocity focusing techniques. By measuring the time-of-flight
pectra of a sample molecule, CO, the spectrometer gives a low
esolution of about 200.

. Theory of TOFMS

Likely the simplest strategy for determining the ion mass-to-
harge ratio is time-of-flight mass spectrometry in which ions are
ccelerated to high kinetic energies by well-defined DC potentials,
nd their subsequent travel times across a length of field-free region
re measured and used to determine m/z values (see Fig. 1). The
aser (or electron) beam used in the ionization source has a finite
patial beam width. This width along with the atomic/molecular
eam width from the nozzle jet expansion results in ions being cre-
ted in the interaction region at different positions. The positions
f these ions are randomly distributed with this region, a given ion
eing located D1 from the end of the region as shown. A voltage
n one of the grids creates an electric field E1 by the potential V1
nd V2 on the first and the second plate which causes the posi-
ively charged ions to move into the acceleration regions. There, a
igh electric field E2 causes the ions to accelerate so that they pass

nto the long, field free drift region. Ions with different mass-to-
harge ratios will have attained different velocities when entering
he drift region and thus will arrive at the ion detector at different

imes since their speed is proportional to the inverse square root
f m/z.

In a multi-field linear TOFMS, the total flight time of an ion Tm (a
um of times the particle spent in different regions of the TOFMS),
ts terminal velocities vi, and the final ion energy Ef (if it is assumed
r to the figure plane. At a defined moment in time, t = 0, a packet of ions that was
ree drift region. The flight times of ions are recorded and used to calculate m/z.

that ions are generated at the middle of the ionization region with
zero initial energy) are simply given in the following equations [17]:

Tm = �1 − u0

a1
+

m∑
i=2

�i − �i−1

ai
+ Dm+1

�m
(1)

�m =
(

u2
0 +

m∑
i=1

2aiDi

)1/2

(2)

Ef = q

m∑
i=1

DiEi (3)

where u0 is the initial velocity component of the ion, q is the ion
charge, ai is the acceleration produced by the electric field Ei, and
m is the number of the fields. Dm+1 is the length of the field-free
region, and D̄1 here is the distance to the center of the source while
D1 is the relative coordinate in the ionization region (D1 = D̄1 for the
middle of the ionization region). According to Eq. (1) both D1 and u0
will affect Tm. Thus ions with the same m/z can have different flight
times depending on where and with which kinetic energy they are
formed. The result will be peaks in the TOF spectrum whose shapes
are influenced by these parameters.

The ability of the instrument to compensate for initial formation
volume is called space resolutionRs. In conventional TOFMSs, space
resolution is maximized by selecting ion drawout and acceleration
fields which satisfy the focus condition dnTm/dDn

1 = 0. Setting the
derivatives of Tm with respect to D1 to zero one can obtain after
some straightforward algebra [17]:

2Km

[
1

Rm
+ Kn−1/2

m

(
1 − 1

R2

)
+

m−1∑
i=2

(
Km

Ki

)n−1/2 ( 1
Ri

− 1
Ri+1

)]

− (2n − 1)Lm+1 = 0 (4)

m∑

Km =

j=2

(1 + RjLj) (5)

where we set u0 = 0. Here, Li = Di/D1 and Ri = Ei/E1 (i =
2, 3, . . . , m) are dimensionless parameters. In this relation, n rep-
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Table 1
The result of space resolution calculations for three different two-field TOFMS cases
(see Fig. 3). The space resolution Rs is determined from the time of flights for ions
starting different positions with zero initial energy within the interaction region.
Other parameters are m = 100 amu, s = ±0.1 cm, D̄1 = 1 cm, E1 = 100.00 V/cm.

L3 L2 R2 T(D̄1)/�s �Ts/ns Rs

(a) 12 1.500 2.000 6.483 0.05 0.7 × 105
M. Yildirim et al. / International Journ

esents the order of space focus required. The space resolution is
hen described as [17]:

s = T(D̄1)
2�Ts

(6)

here �Ts is the base width.
The initial velocity distribution of the ions will also contribute to

he overall resolution. When two ions with the same m/z ratio are
nitially moving in opposite directions, towards and away from the
etector, a time spread �Tu0 occurs due to the turn-around time of
he ion, which is given by [17]:

Tu0 = 2u0

a1
. (7)

his time spread can be corrected by using time-lag focusing [6],
nd cannot be corrected by a reflectron, even though it originates
rom a velocity spread.

Finally, the mass resolving power of a TOFMS, Rm = m/�m, can
e calculated by two ways:

m = m
�Tm

�T1/2
(8)
m = T(D̄1)
2�T1/2

(9)

here m is the mass of an ion, �Tm is the time separation for adja-
ent masses (Tm+1 − Tm), T(D̄1) is the ion’s flight time, and �T1/2

ig. 2. (a) Second-order solutions for the dimensionless quantities R2 and L2 and (b)
pace resolution Rs in the two-field device as a function of L3. The space resolution
as been calculated for all the systems with D̄1 = 1.0 cm, E1 = 100 V/cm, and inter-
ction region sizes of s = 0.1 and 0.2 cm. Second-order focusing only occurs under
eometrically restricted circumstances. (c) Comparison of the space resolutions for
econd-order space focusing with a small increment in D2 value.
(b) 16 4.094 1.257 7.786 0.03 1.3 × 105

(c) 20 6.337 1.135 8.839 0.01 4.4 × 105

is the full width at half maximum of the ion’s peak in the time-of-
flight spectrum. The attainable resolution of a TOFMS is limited,
particularly at higher mass. As m increases, �Tm becomes pro-
gressively smaller and more difficult to differentiate. The above
equations relate the mass resolution of the spectrometer to the time
resolution. This is extremely useful since the time is the quantity
that is actually experimentally measured.

Now, the problem is finding the mechanical and electrical
arrangements which provide the best time resolution and the best
spatial focusing. One can find the solution using either analytical
or numerical methods. Both of solutions can in principle be useful
to define the direction of the investigations. But, analytical solu-
tion for u0 /= 0 is not simple because of the complexity of the ion
directions. Therefore, it is better to solve the equations of motion
numerically for initial velocity distributions. We used ion optics
ray-tracing simulation program Simion 8.0 [18], which is the main
program used in mass spectroscopy (for some recent examples see
Refs. [19–24]). By using the representative initial conditions, the
program is also able to model the statistical ion distributions (e.g.
Gaussian and Normal).

To estimate the space resolution obtainable, we assumed that
the laser produced ions with an initial start-position distribution
described by a one-dimensional Gaussian distribution centered on
the axis at the interaction region (the contribution of these factors
is essentially Gaussian in nature [4]). The applied voltages to the
grids were obtained from the analytical solutions for space focus-
ing conditions. The next step is to project them forward in time
to simulate their trajectories in the flight tube towards the detec-
tor. Ion–ion Coulomb repulsion was not taken into consideration in
these simulations. All Simion simulations were performed at a cal-
culation level of TQual≥ +10, and the geometry files were produced
using a resolution of 10 points per millimeter for better accuracy
[25]. Two simplifying assumptions were also made in these calcu-
lations, that the vacuum was good and so no ion-neutral collisions
occurred during the flight (see Ref. [26] for ion motion differences
between vacuum and viscous environments) and that there were

no magnetic field imperfections in the drift region to disturb the
ion motion.

Table 2
The results of mass resolution calculations for three different two-field TOFMS cases.
The mass resolving power Rm is determined from the individual peak width (full
width at half maximum) for beam temperatures of 1 �K, 1 mK, and 1 K, respectively.

L3 u0 �Tm/ns �T1/2/ns Rm

(a) 12 1 �K 32.0 0.002 1.60 × 106

1 mK 32.0 0.052 6.15 × 104

1 K 32.0 1.523 2.10 × 103

(b) 16 1 �K 38.8 0.002 2.44 × 106

1 mK 38.8 0.045 8.53 × 104

1 K 38.8 1.595 2.44 × 103

(c) 20 1 �K 44.1 0.002 2.60 × 106

1 mK 44.1 0.050 8.80 × 104

1 K 44.1 1.535 2.87 × 103
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. Results and discussion

.1. Two-field first-order space focusing
Although the basic operation of the two-field time-of-flight
ass spectrometer has been well described in the literature [12,14],

t will be reviewed here briefly so that the derivation of the first-
nd second-order focusing condition may be better understood. A
ore complete description can be found in Ref. [17].

ig. 3. Flight times distributions as a function of the distance travelled in the ionization reg
nd acceleration fields are 100.00 and 200.00 V/cm, the lengths of the acceleration region
s varied by a small amount (−0.0005 cm in (a) or +0.0005 cm in (c)) the time dispersion c
Mass Spectrometry 291 (2010) 1–12

A schematic representation of a two-field TOFMS was presented
in Fig. 1. This instrument has a two-grid ion source with a flight
tube. Using Eq. (1), the flight-time of any ion having a known initial
position and velocity can be calculated. Particular distributions of

initial ion positions and velocities in the source lead to a distribution
of ion arrival-times at the detector, and ultimately to a simulated
TOFMS peak shape. Ions that travel farthest in the source region
will have the highest energy and velocity, but be the last to leave
the source. These ions catch up to the slower ions at the space-

ion for a two-field TOFMS for an ion of mass 100 amu and charge +1e. The extraction
and flight tube are 1.5 and 16 cm, and the source region is 0.2 cm. If D2 value in (b)
urve is altered.
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ig. 4. Flight times distributions as a function of the distance travelled in the ioniz
ass 100 amu and charge +1e. The extraction field is 100.00 V/cm and D̄1 = 1 cm. D

ocus plane. The distance of this space-focus plane from the source
s a function of the potentials applied to the first and second grids.

hen the space-focus plane is not located at the detector surface,

istortion of peak shapes can be expected. Experimentally, a non-
ptimal setting of the ion focus voltage is observed as a loss of peak
eight and a broadening of the peak.

For a two-field TOFMS (m = 2) first-order space focus (n = 1) is
chieved by setting the first derivative to zero dTm/dD1 = 0. From
region for three two-field TOFMSs with (a) L3 = 12, (b) 16, and (c) 20, for an ion of
and E2 are indicated in the figure.

Eq. (4), one can obtain the well known formula for the length of the
flight tube of a two-field TOFMS at the first-order space focusing
plane [17]:
L3 = 2K3/2
2

[
1 − L2

K1/2
2 + K2

]
(10)
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Fig. 5. Simulated time-of-flight spectra of the ions with 100 and 101 amu for a two-field TOFMS with L3 = 12 for three different beam temperatures: (a) 1 �K, (b) 1 mK, and
(c) 1 K. The intensities of the peaks supposed to be not exact as it plays no significant role. The �T1/2 value is determined by entering the values describing the left and right
edges of the peak at FWHM.
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ig. 6. �T1/2 is plotted as a function of beam temperature for a two-field TOFMS
ith L3 = 12.

here K2 = 1 + R2L2, L2 = D2/D1, L3 = D3/D1, and R2 = E2/E1.
herefore, if D1, D2, and D3 are fixed values, then the first-order
pace focusing condition is satisfied by a unique value of R2 = E2/E1,
hich can be determined by Eq. (10). In the practical application

f this equation one would choose the dimensions and adjust the
elds to obtain maximum resolution by monitoring the minimum
idths of the TOF peaks. This kind of spectrometer is used in numer-

us experiments up to date, e.g. with gas cells or molecular beams,
nd achieves high mass resolutions.

.2. Two-field second-order space focusing

Second-order space focus is achieved by setting both dTm/dD1
nd d2Tm/dD2

1 to zero. Using dimensionless parameters in the
erivatives of time-of-flight in a two-field design one can obtain
wo simultaneous equations. These equations can be solved keep-
ng R2L2 = K2 − 1 (> 2) as a free parameter, giving L2 and L3 in a
seful functional form [17]:

= D2 = K1/2
2 (K1/2

2 + 1)(K2 − 3)
(11)
2 D1 K2 + K1/2

2 − 2

3 = D3

D1
= 2(K3/2

2 + K2
2 )

K2 + K1/2
2 − 2

. (12)

Fig. 7. Three-field TOFMS
ass Spectrometry 291 (2010) 1–12 7

In Fig. 2(a) and (b), second-order solutions for the dimensionless
quantities R2 and L2 and space resolution Rs are plotted as a func-
tion of L3. It is clear that �Ts is minimized by using optimal Ei and
minimum s/D1 consistent with the requirements of the focus con-
dition. Since space focusing condition does not rely on the absolute
magnitudes on E1 and E2 but on their ratio R2, it is possible to use
large values of the acceleration fields and still maintain the focus-
ing condition. In practice, E1 should be as high as possible, because
higher electric fields help to reduce the arrival time spread aris-
ing from initial velocity distribution and usually improve detection
efficiency.

The representation of space focusing conditions allows one to
read off values for the required electric field and dimension to sat-
isfy space focusing for an overall length of the flight tube. In this
way, one can design a TOFMS having a smaller size and weight that
is particularly attractive to outer space instrumentation applica-
tions. It can be seen that there was a noticeable increase in space
resolution as the length of the flight tube also increased. Therefore,
the resolution of TOFMS depends to a large extent on the length of
the flight tube. To obtain good measuring conditions and good mass
resolutions, the flight tube must be as long as possible. However,
due to practical limitations, the field-free region in conventional
TOFMS cannot be longer than a few meters (1–2 m).

In Fig. 2(c), calculations show that the space resolution is notice-
ably deteriorated by violation of the length of the electrodes. For
each geometry, the optimum distance D2 satisfied the second-order
condition was increased by 0.01%, 0.1%, and 1%. If there is only
a 1% error in L2, the resolution is reduced by about an order of
magnitude and the benefit of second-order space focusing is lost,
which is in agreement with the previous results [15–17]. Therefore,
care should be taken in the accurate machining of the electrodes
of TOFMS, especially of reducing surface distortions in the vertical
direction.

In Fig. 3, we calculated the time dispersion curve as a function
of initial ion position (D1) for an ion of mass 100 amu and charge
+1e for the optimum acceleration field. Using the parameters given
in Fig. 2(a) for L3 = 12, the time dispersion curve and time-of-flight
spectra were calculated, where the extraction field E1 was fixed to
100.00 V/cm, and the length of the acceleration region and flight
tube were 1.5 and 16 cm, respectively. The source region in this
case is 0.2 cm wide (s = ±0.1 cm) and the middle of the source

is located with a D̄1 of 1 cm. As can be seen in Fig. 3(b), where
D2 = 1.5000 cm and E2 = 200.00 V/cm are the optimal values, the
space focusing condition is fulfilled. However, if D2 value is var-
ied by a small amount (±0.0005 cm) the time dispersion curve is

with D1 = D2 = D3.
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F ution Rs as a function of L4 for selected values of L2 and L3. For the TOFMS with three
a ary parameters R2 and R3. The improved resolution is the result of a third-order space
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Table 4
The results of mass resolution calculations for three different three-field TOFMS
cases. The mass resolving power Rm is determined from the individual peak width
(full width at half maximum) for beam temperatures of 1 �K, 1 mK, and 1 K,
respectively.

L4 u0 �Tm/ns �T1/2/ns Rm

(a) 16 1 �K 36.9 0.003 1.44 × 106

1 mK 36.9 0.045 8.18 × 104

1 K 36.9 1.504 2.45 × 103

(b) 28 1 �K 47.6 0.001 3.19 × 106

1 mK 47.6 0.045 1.05 × 105

1 K 47.6 1.480 3.22 × 103

T
T
fl

ig. 8. Second-order solutions with three-field TOFMS and calculated space resol
cceleration regions the optimized design parameters are functions of two auxili
ocusing.

ltered. The same curve alteration was also observed for slightly dif-
erent electric fields (200.05 and 199.95 V/cm). Therefore, the space
esolution is highly affected by the errors resulted from uncorrected
eometries and wrong applied voltages.

The arrival time versus the ion initial position (D1) for three
ifferent two-field TOFMSs with L3 = 12, 16 and 20 are shown in
ig. 4. In Table 1, the space focus width (�Ts) and space resolution
Rs) were calculated for each geometry with an interaction size of
= ±0.1 cm. To further assess the resolution of the TOFMS, peak
imulations were performed using a Monte-Carlo type approach in
hich both the initial position and velocity were randomly sam-
led. The ions have a distribution of initial velocities u0 according
o the beam temperature which also contributes to line broad-
ning. A maximum number of 100,000 ions was found to give
dequate statistics. Fig. 5 shows the flight time distributions for
he masses 100 and 101 and the corresponding time resolution.
ons are assumed to be spread over a 0.2 cm wide and the beam
emperature considered here is 1 �K, 1 mK, and 1 K, respectively.

Using flight times and peak widths from a TOF spectrum, a value
f the mass resolution can be deduced using Eq. (9). For a two-field
OFMS with L3 = 12 and 1 K beam temperature, this equation deliv-
rs a value of Rm = 2161 for mass 100 with the simulated values of
m = 6.483 � s and �T1/2 = 1.5 ns. Calculated mass resolving pow-
rs due to the axial velocity distribution for three two-field TOFMSs

re listed in Table 2.

Finally, �T1/2 is plotted in Fig. 6 as a function of beam temper-
ture for a two-field TOFMS with L3 = 12. It is clearly seen that the
erformance of TOFMS with higher-order space focusing is limited
y the initial velocity characteristics of the ion beam.

able 3
he result of space resolution calculations for three different three-field TOFMS cases wi
ights for ions starting different positions with zero initial energy within the interaction

L4 L3 L2 R2

(a) 16 1 1 1.277
(b) 28 1 1 0.859
(c) 40 1 1 0.728
(c) 40 1 �K 57.0 0.002 3.57 × 106

1 mK 57.0 0.045 1.27 × 105

1 K 57.0 1.479 3.85 × 103

3.3. Three-field second-order space focusing

Three-field linear TOFMS has the advantage that it would
be easier to configure than a two-field device if second-order
space focusing is required. Higher resolution can be accomplished
with third-order space focusing if specific operational conditions
(¡1 mK) are observed. Fig. 7 shows, schematically, the three-field
linear TOFMS. Since there is no constraint on the mechanical
dimensions, the solutions R and R for the second-order focusing
2 3
are presented graphically in Fig. 8 for selected values of L2 and L3 as
a function of L4. There exists an optimum in each case, and the con-
figuration of electrodes and electric fields for some L4 provides the
best resolution. It is clear that this improved resolution is the result

th L2 = L3 = 1 (see Fig. 9). The space resolution Rs is determined from the time of
region. m = 100 amu, s = ±0.1 cm, D̄1 = 1 cm, E1 = 100.00 V/cm.

R3 T(D̄1)/�s �Ts/ns Rs

2.999 7.411 0.0293 1.3 × 105

6.068 9.559 0.0004 1.2 × 107

8.423 11.427 0.0153 3.7 × 105
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ig. 9. Flight times distributions as a function of the distance travelled in the ioniza
ass 100 amu and charge +1e. The extraction field is 100.00 V/cm and D̄1 = 1 cm. D

f a third-order space focusing. As expected,Rs increases with each
rder of space focus by approximately an order of magnitude.

Fig. 9 shows the simulation of the flight times of ions with 100
nd 101 amu originating from different regions for three different

alues of L4, 16, 28 and 40. It is seen that the the space resolution
or L4 = 28 is better than L4 = 40. The improved resolution is the
esult of a third-order space focusing. It is seen that the flight time
ifference due to the initial volume space depend on D1 (or s), if u0

s neglected, as a quadratic function for first-order space focusing, a
egion for three three-field TOFMSs with (a) L4 = 16, (b) 28, and (c) 40, for an ion of
D4, and E2 and E3 are indicated in the figure.

cubic function for second-order focusing, and a fourth-order power
function for third-order space focusing. Comparisons of the flight
times and resolutions were shown in Table 3. Such designs can
provide operational flexibility for higher-order space focusing in a

three-field device without increasing the length of the flight tube.
Although this is a theoretical improvement of almost two orders
of magnitude compared to an optimized two-field TOFMS, it is not
realistic to expect this improvement also in practice since a real
instrument can probably not be built with the tolerances required.
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Fig. 10. Simulation of the peaks resulting from ions of mass 100 and 101 amu spread over 0.2 cm wide. Initial velocity was generated according to the beam temperature of
1 mK for three three-field TOFMSs with L2 = L3 = 1: (a) L4 = 16, (b) 28, and (c) 40.
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n addition, thermal energy distributions in a source can not be
liminated with linear TOFMS. For the former, there is a possibility
hat some compensation of the effect of the machining errors could
e made by small modifications to the field strengths in a three-field
evice, which can optimize focusing.

The simulated time-of-flight spectra for three three-field
OFMSs are shown in Fig. 10 for a beam temperature of 1 mK. It
hows that the benefit of third-order space focusing is not clearly
een for 1 mK. The relevant quantities for each three-field case are
isted in Table 4.

.4. Four-field third-order space focusing

Having three independently adjustable electrostatic fields with
espect to E1 allows for a third-order space focusing of the ion
acket by the four-field TOFMS, resulting in high space resolution.
he difficulty of finding the optimal configuration in a four-field
ase is solving a large number of parameters like electrode config-
ration, the distance between them, and voltage ratios, all this in
simple case. During long investigation and modelling of differ-

nt configurations of four-field TOFMSs, simulations (not shown)
howed that the four-field configuration does not provide a signif-
cantly improved space resolution compared to three-field cases at
beam temperature of 1 K.

. A home-made three-field TOFMS

To demonstrate experimentally how the resolution depends on
he initial distributions of the ions, we have designed and produced
homemade three-field linear time-of-flight mass spectrometer.

he experimental set-up comprised a processing high vacuum
hamber, an Nd:YAG laser source with associated beam delivery
ptics, microchannel plate detector (MCP) and an electronic sys-
em for data acquisition and analysis. The laser ionization was
roduced by laser pulses at 1064 nm using multiphoton ionisation
MPI) schemes, with 6 ns duration (FWHM) at repetition rate of
0 Hz (Continuum Inc.). Ion source and acceleration region assem-
ly consist of stainless steel acceleration plates, each mounted on

solating teflon rod. A 1 m stainless steel field free flight tube is
ttached to the source chamber which is isolated in vacuum from
he flight tube using a 6-in. ultra high vacuum (UHV) gate valve
nstalled between the two components. The source chamber is
umped by a 520 l/s turbomolecular pump (Pfeiffer Vacuum Inc.).
ackground pressure is typically 10−8 mbar, operating vacuum was
isen up approximately 10−6 mbar and measured using a vacuum
auge. Gas sample introduced into the source chamber by preci-
ion UHV leak valve which is designed to control gas admission
nto high vacuum systems (Caburn-MDC Europe Limited). Ions are
etected by using a 40-mm-dual chevron MCP positioned at the
nd of flight tube (El-Mul Technologies Ldt.). Ion signal is trans-
itted with 50 � impedance collector to a 600 MHz Digital Storage
scilloscope (LeCroy Corporation), which is triggered by using the
utput of a fast photodiode (Alphalas GmbH). The laser beam radi-
tion, shaped by passing trough an iris, was focused by a 25 cm
ocal length lens to a spot size of several micrometers on the ion-
zation region. The size of the laser volume at the focal point has
een determined using the formula of r = 2.44f�/D given by sev-
ral authors (see Refs. [27,28]), where f is focal length of lens used
f = 25 cm in this case), � is the wavelength of laser (� = 1064 nm
n this paper), and D is the laser diameter just before focusing lens

D = 0.8 cm in this case).

D1 was chosen to be 1.5 cm in our spectrometer. Other lengths
ere chosen to be L2 = 3, L3 = 9, and L4 = 60, respectively. This

onfiguration gives the best timing resolution in the test runs. The
easurements were carried out to determine the resolution of
Fig. 11. A typical TOF mass spectrum for CO molecule. Spectrum was obtained at a
laser power of 6 W.

the system. A calibration curve to identify different ion peaks in
the time-of-flight spectrum has been obtained by plotting a graph
between

√
m/q and the Tm. The typical CO mass spectrum is shown

in Fig. 11. From the graph, we obtain a resolution of m/�m = 200 at
28 amu. This has been confirmed also by the numerical simulation.
At room temperature, the time spread due to the initial veloc-
ity distribution is not negligible. Further measurements have been
made to see the effects of electric field variations in the extraction
and acceleration regions, but the resolution was not significantly
changed. This spectrometer is to be used in mass spectroscopic
studies in a near future.

5. Conclusion

In this work, an effort has been made to illustrate a system-
atic approach to the problem of optimizing multi-field TOFMS for
space focusing. The second- and third-order space focusing mech-
anism is theoretically studied and analytical solutions for the given
order of space focusing are derived. It is shown that the possibil-
ity of third-order focusing in three- or four-field device offers an
essential improvement in time resolution. As realized, after the
detailed analysis of different configurations, the most flexible and
straightforward solution of a high space resolution linear TOFMS is
a three-field device. It is therefore important to determine the geo-
metric ratios in such a way that third-order focusing is achieved,
especially for the upper limit of the mass of interest. From the sim-
ulation with different electrode precision, one can conclude that
the manufacturing precision significantly influences the resolution
abilities.

When the initial ion velocity u0 is considered, significant uncom-
pensated time spreads can be produced that limit the mass
resolution of the instrument. The results showed that the limita-
tions of the mass resolution by different initial velocities of the ions
play a significant role in determining the order of space focusing
required in practice. At room temperature no significant improve-
ment in the mass resolution can be expected by increasing the
order of space focus, because the time spread due to the veloc-
ity dispersion and “turn-around” time of the ion with a mass of
100 amu is about 20 ns. Therefore, the maximum resolving power is
about m/�m = 200, which is also experimentally measured using

a homemade TOFMS.

The effect of velocity dispersion can be minimized by decreas-
ing the amount of time that an ion spends in the ion source, either
by increasing the extraction field E1 or by decreasing the dimen-
sions of the ion source in the direction of ion acceleration (but
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ot eliminated). Much higher resolution can be obtained by pulsed
xtraction or by adding a further reflectron stage for energy focus-
ng. Therefore, the best performance of TOF instruments is achieved
y a combination of these techniques, and this combination can be
he basis for high-performance TOF systems.
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