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Abstract

Low energy ions can be stored in “rings” of electrostatic sector fields or in systems of electrostatic mirrors between which
the ions are reflected back and forth repeatedly. Because of the long flight path in such systems they very well can be used
as precision time-of-flight mass spectrometers. This statement is trivial for monoenergetic ions but also holds for polyenergetic
ions if the ion–optical system is designed such that it guides more energetic ions on appropriate detours that cause the overall
ion-travel times to become energy independent. Since the number of reflections between the mirrors can be varied by changing
the timing of the voltage pulses on the mirrors, either a long well resolved mass spectrum can be recorded or only a section
of such a mass spectrum for which then the mass resolving power is increased proportional to the number of reflections. (Int
J Mass Spectrom 206 (2001) 267–273) © 2001 Elsevier Science B.V.
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1. Introduction

Energetic ions can be kept circulating for an
extended period of time in a ring of sector fields and
interspersed straight-axis lenses. Alternatively they
can be reflected back and forth between ion mirrors.
In both such systems the diameters of an ion beam can
be kept small with the beam envelope going through
maxima and minima [1] that usually differ only by a
small factor, for instance of 2. Since both systems are
characterized by a long flight path, they can very well
be used as multipass time-of-flight mass spectrome-
ters (MTOF-MSs). There are three such systems used
so far. (1) high-energy storage rings in which mo-
noenergetic ions circulate so that the flight times per

turn reveal the ion masses [2,3]; (2) high- and low-
energy storage rings in which polyenergetic ions
circulate such that the more energetic ones move
along detours so that the systems are energy isochro-
nous, i.e. their flight times per turn do not depend on
the ion energies though they still vary with the ion
masses [1,4–9]; (3) low-energy systems in which
polyenergetic ions are repeatedly reflected between
electrostatic ion mirrors such that the more energetic
ions penetrate deeper into the repeller fields of the ion
mirrors. Thus the systems can also be energy isochro-
nous [4,7,10–12].

2. Ion optics for multipass TOF-MS systems

Storage rings as well as multipass mirror systems
are best designed as a multitude of equal “cells” with* Corresponding author. E-mail: h.wollnik@uni-giessen.de.
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beam waists at their entrances and their exits. Each
cell has a curvilinear optic axis, thez axis, with planes
that are perpendicular to thisz axis at the cell
entrance,z 5 zi, and at the cell exit,z 5 zi11 being
assumed to be equipotential planes.

Let us look now at one half of a “cell” and assume
that we have only singly charged ions in the beam and
that we postulate (1) a reference ion that when starting
atz 5 zi, has the mass m0, energyK0 and momentum
p0 and moves along the curvilinearz axis from the
cell entrance atz 5 zi to the half cell plane atz 5
zi11 in a time t0 and (2) an arbitrary ion that when
starting atz 5 zi has the massm 5 m0(1 1 dm),
energy K( zi) 5 K0(1 1 dK) and momentum
p( zi) 5 p0(1 1 dp). This ion moves from the cell
entrance atz 5 zi to the cell middlez 5 zi11 in a
time t0[1 1 dt]. Here it is assumed that the ion had

started atz 5 zi a lateral distance “xi 5 x( zi)” away
from the optic axis under an inclination “ai 5
a( zi) 5 px( zi)/p0” and reached a final lateral ion
position “x( zi11)” under an inclination “a( zi11) 5
px( zi11)/p0.”

In a first-order approximation one describes the ion
motion by the system transfer matrix for the first half
of a cell as

1
xi11

ai11

dK

dt

2 5 1
~ xux! ~ xua! ~ xudK! 0
~aux! ~aua! ~audK! 0

0 0 1 0
~tux! ~tua! ~tudK! 1

21
xi

ai

dK

0
2 (1)

Passing an ion through a full symmetric cell, i.e. the
second “half cell” is the reverse of the first half cell,
the total transfer matrix reads fromz 5 zi to z 5
zi12

1
2~ xux!~aua! 2 1 2~aua!~ xua! 2~ xua!~audK! 0

2~ xux!~aux! 2~ xux!~aua! 2 1 2~ xux!~audK! 0
0 0 1 0

22~xux!~audK! 22~xua!~audK! 2@~tudK! 2 ~xudK!~audK!# 1
2 (2)

Choosing the parameters of the cell such that Eq. (2)
becomes a unity matrix, one certainly has a good
solution for a multipass time-of-flight mass spectrom-
eter. In this case the product ofN such unity matrices
will cause any ion trajectory to leave the cell at the
same position and with the same inclination as the
incoming trajectory was characterized by. As one sees
from Eq. (2) this condition is achieved if

~ xux! 5 ~aua! 5 0 (3)

~audK! 5 ~tudK! 5 0 (4)

3. Design and operation of a MTOF-MS

It was our goal to build a high performance
energy-isochronous multipass time-of-flight mass
spectrometer by using not a storage ring but a mul-
tireflection device employing electrostatic ion mir-
rors. Such systems have been built, e.g. (1) in [11]
with an electron impact storage ion source [14] and
relatively difficult to control grid-free ion mirrors, and

(2) in [15] with a matrix-assisted laser desorption
ionization (MALDI) ion source and gridded ion mir-
rors that have a reduced ion transmission.

3.1. Geometry of the MTOF-MS

We have now built a new system that uses an
electron impact storage ion source in which ions are
produced continuously, stored in some potential well
formed by the electron beam and released every 500
or 1000ms. This release is performed such that at the
end an ion pulse of a few nanosecond length is
generated [14] as was the case in the MTOF-MS of
[11].

To achieve an overall improved performance for
the new MTOF-MS we changed the V-shaped ion
path used in [11] into a U-shaped [12] one (see Fig. 1)
which allowed a more precise mechanical mounting
of our mirror arrangement. Such a precise mounting
of the different mirrors is important for a system that
uses grid-free ion mirrors since already small beam
shifts will send the ion beam through different parts of
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the inhomogeneous fringing field of the ion mirror.
Very important were also theoretical numerical cal-

culations in which we varied the electrode geometry
again and again determining in each case the magni-
tude of the elements of the transfer matrix (xux),
(aua), (audK), and (tudK) by ray tracing calculations.
In these calculations we obtained at the end very small
values of these matrix elements. The overall ion paths
are shown in Fig. 2 together with the potential
distributions which illustrate the action of an acceler-
ating Einzel lens. Also shown is the intermediate
lateral image in the turn around point of the static ion
mirror. The location of this intermediate image en-
sures a laterally dispersion-free system [1] which is
important for such a long overall flight path. Though
all these conditions were fulfilled in theoretical cal-
culations, experimentally we could only measure the
overall achieved isochronicity and the system trans-
mission.

3.2. Potentials of the electrodes

In a multireflection time-of-flight mass spectrom-
eter the overall beam path is divided into the repetitive
cell arrangement through which the ion beam passes
multiple times and the entrance and exit optics. These
entrance and exit optics require that the potentials of
the electrodes in mirror I and mirror III of Fig. 1 are
intermittently reduced to allow the ion beam to enter
and to leave the system. A timing diagram that shows
when the mirrors I and III transmit or reflect ions is

Fig. 1. Geometry of the built time-of-flight mass spectrometer is
shown together with the time variations of the voltages on the ion
mirrors I and III. Note here that theDt1 long pulse on mirror I is
delayed by a variable timet1 with respect to the short ion source
extraction pulse. Thus only such ions can enter the race track whose
flight time from the ion source to mirror I is betweent1 and t1 1
Dt1. This allows to eliminate too lightm # m1 and too heavym $

m2 ions. Note also the geometrical arrangement of the static mirror
II, that has an inner diameter of 59 or 70 mm, and the switchable
mirrors I and III of both 40 mm, respectively. The shown beam
deflectors are only used to compensate mechanical alignment errors
and ideally are switched off completely.

Fig. 2. Ion trajectories in the main part of the MTOF-MS of Fig. 1
are shown as a computer simulation bySIMION V6. This simulation
shows the ion trajectories as they pass through the potential
distribution of the MTOF-MS for a multipass situation.
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given in Fig. 1. In order that (1) the ions can reach the
final ion detector after they have passed through the
MTOF-MS, the ion mirror 3 is opened for a timeDt2
starting a timet2 after the formation of an ion bunch
in the ion source. Heret2 and t2 1 Dt2 are those
times that ions of massesm1 5 m0 2 Dm andm2 5
m0 1 Dm would need to perform 2N 1 1 passages,
respectively, and (2) the ions can enter the MTOF-
MS, the ion mirror 1 is opened for a timeDt1 starting
a timet1 after the formation of an ion bunch. Since the
lighter ions move through the distance between the
ion source and the back of mirror 1 earlier than the
heavier ones, one can achieve that for a proper choice
of t1 and Dt1 only ions in the mass windowm1 #

m0 # m2 can enter the “race track.” Though this mass
selection is not very precise this mass window can
ensure that, when the ions of mass m0 are released
from the race track after 2N 1 1 passages, there are
no ions that would have gone through 2N 1 3 or
2N 2 1 passages in the same time, i.e.m # m1 or
m # m2.

4. Experimental results

The system we have built and tested uses three ion
mirrors consisting of grid-free ring electrodes except
for the final reflecting electrodes which do contain one
grid. However, in the multireflection mode the poten-
tials of the grids in these electrodes were chosen to be
so high that the ions turned around before impacting
on these grids. Only during entrance into and exit out
of the system, i.e. when the electrode potentials of the
switcheable mirrors were reduced, the ions had to
pass once through the grids of the last electrodes of
mirrors I and III. These passes caused intensity losses
of '10% each, with these losses being independent of
the number of passes of the ions along the multire-
flection path.

In detail we have built and tested two systems: (1)
the MTOF-MS “S” had an overall system length of
0.4 m, a static ion mirror of inner diameter 59 mm and
two switched ion mirrors of inner diameters of 40
mm. This system achieved a single-pass mass resolv-

Fig. 3. Increase of the mass resolving powerR 5 m/Dm 5 t/ 2Dt
in the 0.4 m long system S is illustrated by the mass spectrum of Kr
as obtained forN 5 1, 3, 5, 7 passes through the MTOF-MS. The
corresponding flight times are for84Kr: 16.20, 52.75, 93.85, 136.0
ms and the FWHM peak widths 9.1, 17.2, 18.6, 22.5 ns with
resulting mass resolving powersR 5 m/Dm of 890, 1530, 2520,
3020.
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ing powerm/Dm '900 (see Fig. 3,N 5 1) and a
7-pass mass resolving powerm/Dm ' 3000(see Fig.
3, N 5 7), and (2) the MTOF-MS “L” had an overall
system length of 1.2 m and a static ion mirror of an inner
diameter of 70 mm and two switched ion mirrors of
inner diameters of 40 mm. This system achieved a
single-pass mass resolving powerm/Dm ' 2900 (see
Fig. 4, N 5 1) and a 19-pass mass resolving power
m/Dm' 24000. In case of 31 passes through the system
or a total flight path of'70 m even mass resolving
powersm/Dm $ 50000 were reached (see Fig. 4,N 5
31).

In order to demonstrate that the mass resolving
power R 5 m/Dm increases withN the number of
passes through the MTOF-MS mass spectra of Kr
were recorded with the S system forN 5 1, 3, 5, and
7 (see Fig. 3). As one can see the flight times and thus
also the differences in the arrival times of the different
ionized Kr isotopes increased linearly withN. The
peak widths increased only slightly withN, however,
so that also the mass resolving powerR 5 m/Dm
increased approximately linear withN. For the same
reason also the signal-to-noise ratio was approxi-
mately the same for allN values.

Fig. 4. Increase of the mass resolving powerR 5 m/Dm 5 t/ 2Dt in the 1.2 m long system L is illustrated by the mass spectrum of
CO-enriched laboratory air as taken forN 5 1, 19, 31 passes with special attention to the mass doublet of CO and N2 ions which have mass
values of 27.995 and 28.006 u. ForN 5 31 the mass difference of 0.011 u between the CO and N2 ions thus could be measured with errors
of #1024 u or, which is the same, of#100 ke V.
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In order to demonstrate that really high mass
resolving powers can be reached in Fig. 4 mass
spectra are shown of CO-enriched laboratory air as
obtained with the L system forN 5 1, 19, and 31 ion
passages through the MTOF-MS. As one can see the
0.011 u mass doublet of CO–N2 is barely resolved for
N 5 1. However it is well resolved forN 5 19 and
for N 5 31.

From such mass measurements we determined the
mass resolving powerR(N) 5 m/Dm as function of
N which resulted in an approximately linear increase
in R(N) with N as is illustrated in Fig. 5. From this
linear increase one can conclude that the condition of
energy isochronicity is fulfilled at least approximately
for all investigatedN values. Since each achieved
R(N) value is the result of a special adjustment of
several potentials of the MTOF-MS the observed
fluctuation inR(N) is probably due to a sometimes
better and sometimes not so good experimental pa-
rameter optimization.

Comparing the three parts of Fig. 4 one notices an
unsymmetric peak broadening increases considerably
with theN. This peak broadening is a consequence of
image aberrations of second order which probably can

be reduced by a better optimization of the electrode
arrangement in the MTOF-MS.

The transmissionT(N) through the MTOF-MS
was recorded together withR(N) for different N
values. This dependence we demonstrate by plotting
in Fig. 6 the relative transmissionT(N)/T(1) as a
function ofN, whereT(1) is the single-pass transmis-
sion. This T(N)/T(1) dropped'50% when going
from N 5 1 to N 5 3, while for more than 3 pas-
sages transmission losses of'5% per passage were
observed. For 31 passages we thus observed an
overall transmission of'25%. The first 50% loss
shows that the lens strengths, found to be optimal for
the multipass operation allowed only a smaller accep-
tance of the system than the acceptance found for the
optimal choice of lens strengths for the single-pass
operation. For the'5% loss per passage, however,
we have no well grounded explanation. We can only
assume that either our alignment is still not perfect
enough or that the beam halo due to lateral aberrations
grows in reality more than our theory predicts.

At this time the performance of our MTOF-MS is
limited by image aberrations and by the stability of
the power supplies for the electrodes. Both these

Fig. 5. For the MTOF-MS L the mass resolving powerR 5 m/Dm
is plotted as function ofN, the number of passes through the
system. Note thatR increases approximately linear withN. Note
also that we have connected all points that correspond to 11 4K
and 31 4K passes, respectively, since after 4 passes the image
aberrations compensate to a large extent [6].

Fig. 6. For the MTOF-MS L the mass relative transmission
T(N)/T(N 5 1) is plotted as function ofN, the number of passes
through the system. Note thatN decreases by'50% betweenN 5
1 andN 5 3 and by'5% for every additional 2N. After N 5 31
passes thus a relative transmission of'25% was obtained.
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limitations, however, we should be able to reduce, so
that mass resolving powers of'105 should be reach-
able eventually.
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