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Abstract

Energy-isochronous time-of-flight mass spectrometers can achieve high mass resolving powers by using the same flight p
repeatedly and thus obtaining long overall flight distances. If such systems must achieve high transmission in addition to th
isochronicity, they must be designed such that their lateral phase-space acceptance is larger than the corresponding emittan
the injected ion beam. It furthermore is advantageous to construct the system from matched unit cells, a technique also use
the design of accelerator storage rings. One such time-of-flight mass spectrometer has been built as a system in which ions
repeatedly reflected between two grid-free ion mirrors whose optic axes coincide. For a 0.4 m long system, through which io
were reflected 101 times, mass resolving powers/éfm > 18,000 have been achieved with a transmission of about 40%.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction achieved3] high mass resolving powers for 1500 eV
ions in a system that consisted of one static and two
In order to obtain high mass resolving power in a small switchable grid-free ion mirrors. For these mea-
time-of-flight mass spectrometer (TOF-MS) the ion surements we have used ion pulses that were a few
pulses must be short compared to the overall flight nanoseconds long, formed by a klystron-like bunch-
time. Since the ion pulses cannot be shortened be-ing action exerted on ions produced continuously in an
low certain limits, a high-performance system must electron impact ion source as described in Refs&].
either be very large or must use the geometrically = The overall transmission in this system was limited,
available flight distance repeatedly. Such multi-pass however, by image aberrations. These aberrations pro-
time-of-flight mass spectrometers (MTOF-MS) can be duced a beam halo, which was not fully transmitted
built as low-energy storage ring&] or as linear de- because of the limited apertures of some electrodes.
vices in which the ions are reflected back and forth Such losses are considerably reduced in the mirror
between mirrorg2]. In one such system we have arrangement described here and shownFig. 1
This system is characterized by considerably re-
_ duced image aberrations since it consists of only two
* Corresponding author. Tel+49-641-99-33246; . . . . .
fax: +49-641-99-33239. switchable grid-free ion mirrors, both consisting of
E-mail addressh.wollmik@uni-giessen.de (H. Wollnik). rotationally symmetric coaxially arranged electrodes.
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Fig. 1. Principle of a coaxial multi-pass time-of-flight mass spec-
trometer (MTOF-MS). The positiong and z 1 should almost
coincide ideally.

2. lon-optical considerations for a coaxial
MTOF-MS

The ion-optical properties of a MTOF-MS can
be described as a multitude of identical cells, if the
direction of the optic axis is reversed after every
reflection. A reference ion of mass-to-charge ratio
(mo/go) and energy-to-charge rati&§/qo) can move
along this optic axis, which we will refer to as the
z-axis. By starting such a reference particle simul-
taneously with an arbitrary ion of mass-to-charge
ratio (Mo/qo)(1 + &,») and an energy-to-charge ratio
(Ko/qo)(1+ 8k), one can describe how the motions of
these two particles differ transversally as well as lon-
gitudinally at a certairg-position, i.e., perpendicular
as well as parallel to the optic axis.

Since the MTOF-MS under consideration here
consists only of coaxial rotationally symmetric elec-
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deviationx(2) and its transverse inclinatiom(z) =
px(D/po(2) relative to the optic axis. At the position
Z here,pp(2) describes the ion’s full momentum and
p«(2) its x-component, i.e., the component perpendic-
ular to the optic axis. The longitudinal deviation of
this arbitrary ion from a reference ion that started si-
multaneously will be described as the differemngz)
between the times when these two particles pass a
certainz-position. Assuming that there ar&lZharac-
teristic positions along theaxis, one can characterize
an arbitrary ion byx(z), a(z), At(z,) with i = 0, 1,
2,...2N.

Knowing x(z), a(z) at a positionz; one thus can
determinex(z+1), a(z 1) at a positionz; 1. To first
order these relations read:

X(zi+1) = (xip1lx)x(z;) + (xivilai)a(z;)

+ (X1l K)k (zi) + - - - (1a)
a(zi+1) = (aiv1lxi)x(z;) + (aivilai)a(z;)
+ (@11l K)dk (zi) + - -+ (1b)

At(zig1) = (tivalx)x(zi) + (tiralaa(z;)
+ (ti411K)8k (zi) + (tix1lm)ip18m+ (1C)
with 8x(z,) = [K(zi) — Ko(zi)]/Ko(z;) at the posi-

tion z. Because of the symplectic condition, there are
relations[6] between the coefficients &q. (1)

(xiprlx) (xipala) — (aivalxi)(air1la;) =1 (2a)
(xig1lxi)(@ir1l K) — (aizralxi) (xip1| K)

= (%) (tit1lai) (2b)
(xit1lai)(ait1lK) — (ai+1lai) (xip1]| K)

= (%) (titalxi) (2c)

Since the optic axis of the system under investiga-
tion here is straight (se€ig. 1), the system is en-
ergy achromatic to first ordg6], i.e., an ion whose

trodes, it is advantageous to postulate the optic axis energy-to-charge ratido/do)(1 + §x) deviates from
to coincide with the electrode axis and to describe the that of a reference ion, is not deflected from thexis

trajectory of an arbitrary ion only by its transverse

which postulatesgx; 1| K) = (a;+1]K) = 0. Thus, for
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first order theEqgs. (1) and (25implify to:

x(zit1) = (xig1lx)x(zi) + (xiglapda(z) + - (3a)
a(zit1) = (aiy1lx)x(zi) + (aip1lada(zi) + - (3b)
At(zpt1) = (ta411 K8k (20) + (tn41lM)m + -+ (3C)

with the side condition ofEqg. (2a)that allows de-
termination of one coefficient dEgs. (3a) and (3b)
from the other three. Note here that the indices in
Egs. (3a)—(3chre chosen to be different which indi-
cate that thez, and z .1 may be chosen differently
from thez, andz, 1. This is often advantageous since
Egs. (3a) and (3bgontrol the transverse motion of
ions through an MTOF-MS, i.e., they control the ion
transmission, whileéeq. (3c) controls the achievable
time-of-flight mass resolving power g,/ and energy
resolving power Wx.

If the ion flight time fromz, to z, 1 must character-
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phase-space area to which apertures limited the ion
beam in our finally built MTOF-MS.

2.1. Transverse first-order properties of a coaxial
MTOF-MS

To achieve optimal conditions for a multitude of ion
reflections in a system that consists of two identical
ion mirrors—as shown ifrig. 1—it is advantageous
to start all considerations from thatposition that is
exactly at the midpoint between the two ion mirrors,
z = zmid- The optical properties of the two ion mir-
rors then should be chosen such that the transverse
envelope of the ion beam reproduces itself after every
reflection, i.e., whenever the ion beam passes the mid-
point between the ion mirrors. This situation is also
described by stating that all ion trajectories that were
parallel to thez-axis at this midpoint are focused to a

ize the ion’s mass-to-charge ratio, the system should point on thez-axis again after the reflection. Such a
be designed such that the flight time of a reference system is known as a waist-to-waist transforming unit

ion of energy-to-charge ratiko/qo is identical to the
flight time of an arbitrary ion of equal mass but differ-
ent energy-to-charge ratikio(1 + dx) with §x # O,

or in other words, such that,,1|K) = 0 in Eq. (3¢)

A system for which this relation holds is said to be

cell [6].

In such a system one finds that an ion beam that
initially fills an upright phase-space ellipse at the
midpoint z = zmiq between the mirrors will do
this again after every reflection, i.e., when it again

energy-isochronous. Physically, this condition can be reaches the position = zmig. Such a postulate can

fulfilled by sending ions of higher enerd§odx > Ko

be fulfilled by the ion mirror under consideration

on a detour as compared to reference ions of energyif (xiy1lx) = (air1la) = 0 in Egs. (3a) and (3b)

Ko. In an MTOF-MS, as indicated iRig. 1, this can

Thus, there are only two non-vanishing coefficients

be achieved by choosing the repeller field strength in remaining, i.e., Xi+1/a) and @;;1|x). However, be-

the ion mirrors appropriately so that more energetic

cause ofEq. (2a)there is actually only one, i.e.,

ions penetrate an appropriate distance deeper into the(x;+1la) = —(ai4+11x)~1, whose magnitude should

ion mirrors[6,7]. Though this condition of isochronic-
ity must only be fulfilled between the positions from

be chosen such tha;(.1]a) equals the ratio between
the maximalx(zmig) and the maximuna(zqyg) of the

where the ions start and where they are detected, therenitial ion beam. This can be expressed as

are advantages in designing the MTOF-MS such that
many intermediate isochronous points exist, as is the (ritalai) =

case for the system dfig. L

To voltages that had to be supplied to the different
electrodes of the ion mirrors, i.e., the coefficients of
Eq. (1) were determined8] from SIMION [9] ray

tracing calculations. For these calculations a beam of
1500eV ions was assumed that filled a phase-space
Liotal = N(€R1 + £Rr2) + £sp

S

volume of ¢, 25T mmmrad since this was the

Xmax(Zmid)

amax(Zmid)

(4)

withi =1, 2,...,2N — 1 and allz; coinciding physi-

cally at the positiorzyig, i.€., at the midpoint between

the two ion mirrors. Here, it is assumed that the ions

passN times through the full MTOF-MS, so that the
reference ions pass through a flight path of length

(®)
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wherelsp is the distance between the ion source and This requires the potentials on the electrodes of ion

the ion detector irFig. 1; ¢g> is the length of the  mirror | to be changed for a short time at the begin-

flight path from zyig the midpoint between the ion  ning of the measurement cycle, such that the bunched

mirrors through ion mirror | and back @y,q; £g1 iS cloud of ions can pass into the region between the

the length of the flight path frorz,g the midpoint mirrors. During this time the potential distribution in

between the ion mirrors through ion mirror Il and the mirror is chosen such that the ion cloud will fill a

back tozmig with £z1 and £z> not necessarily being  transverse phase-space volume that is approximately

equal. However, we chodig1 = > for our system. upright once it reaches the positiapig. Analogously,

To experimentally fulfillEq. (4)in a straight-forward the potentials on the ion mirror Il must be changed

fashion, we have provided electrostatic Einzel-lenses for a short time when the ions have performed the re-

of variable strengths adjacent to both ion mirrors, i.e., quiredN passes through the full system, so that they

in that part of each ion mirror that faces the other can be recorded in the ion detector ($6g. 1).

mirror. These Einzel-lenses are formed by applying

appropriate potentials to the last electrodes of each 2.2, Longitudinal first-order properties of the

ion mirror so that a potential distribution along the coaxial MTOF-MS

beam axis of each of the ion mirrors is obtained that

is similar to that shown irFig. 2 While for the transverse optical properties the path
Since the ions start at the bunching positigitlose length of one full cell is exactlyA ¢yansverse= £r1 +

to the ion source and not atiq, they first need to be ¢ x,, we have chosen the length of one full cell for the

transported fronzy to zmig before they can start their  |ongitudinal properties to bA Liongit = (Cr1+ LR2) +

multi-cell passage from toz 3 withi = 1,2,... 2N. £sp/N so that the total flight distand®(£ g1 + £ r2) +

¢sp is divided intoN equally long sub-cells. Thus,

Z,+1 is always downstream of 1 while z, _¢ is at

the bunching position of the ion source apd_ oy

is at the position of the ion detector. Note, however,

that the flight times through the first and the last cell

of the system differ from the flight times through the

others since in these cells the ions must pass through

the switched-down ion mirrors.
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3. Thedesign of the coaxial MTOF-M S

The MTOF-MS was built as shown iRig. 1L The
two ion mirrors each consisted of seven-ring electrodes
of 40 mm inner diameter. Of these seven electrodes six
were 8 mm long and one 26 mm. This longer electrode

-1200

| 1 1
% 50 75 100 125 150 has the biggest influence on the focal length of the

-2000 |
0

position in mior [mm] mentioned lens iifrig. 2and is the second to last elec-

Fig. 2. The calculated potential along the optic axis of one of trode ineachion mirror. These electrodes were closely
the ion mirrors formed by ring electrodes at different potentials adjacent since they all were separated from their neigh-
as realized in Fhe here dpscnbed MTOF-MS. Note that the first bors by 75um thick Capton foils. These ion mirrors

~60 mm constitutes a mirror and the secos80 mm an accel- . . .
erating Einzel-lens, the center electrode of which is 26 mm long were salvaged from the experiment described in Ref.

while the lengths of the other ring electrodes were only 8mm.  [3]. Only the mounting of the mirrors was changed so
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that at the end the axes of the two identical ion mirrors order to limit the pulse power, we reduced the capac-

coincided as is postulatedfig. 1. The overall system  itance between the pulsed electrodes to values below

length is 420 mm and the path length fraato z 1 ~50pF. For the same reason, we used push—pull

is (Lr1t+£€Rr2)/2 ~ 300 mm. The ring electrodes were pulser circuits that merely transport electric charges

all grid-free except for the final reflecting electrodes. from one capacitor to another.

In mirror | this grid is located at the side that faces the

ion source while in mirror Il this grid is located at the

side that faces the ion detector. During the multi-pass 4. Tests of the coaxial MTOF-MS

operation, the potentialg of these grids were so high

that the 1500 eV ions turned around about 1.5mm be- To test the MTOF-MS we have passed the ions

fore these grids. Only during entrance into and exit up to 101 times through thégs = ¢rx =~ fsp =

out of the multi-pass system were the potentials of the 300 mm flight path of one passage, with the initial ki-

gridded electrodes lowered to about half of their nom- netic energies of the ions being 1500 eV. For ions of

inal values for~3 us. During these short periods, the the CO-N mass doublet the overall flight time for this

ions traversed these grids, causing intensity losses of~30 m path was-380us as one may take froffig. 3

~10%. These losses, however, were independent ofwith a flight time difference between the CO and N

the number of reflections in the MTOF-MS. ions beingAr ~ 75ns. ThisAt corresponds to their
This lowering of the potentials on the back elec- mass difference which i£28.00611-27.99491 u, i.e.,

trodes of the ion mirrors for3 s required fast high- ~ ~0.0112u or~10.44 MeV. The FWHM peak width

voltage pulsers. These pulsers were integrated with here isAr < 12ns, i.e.,<15% of 75ns. Thus, one

precision DC-voltage supplies that also fed proper finds that the FWHM time-of-flight resolving power

potentials to the different mirror electrodes through is To/AT > 380,000/12> 32,000 and the FWHM

temperature-controlled resistive voltage dividers. In mass resolving power isp/Am > 16,000 with the

>
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Fig. 3. The mass spectrum of CO-enriched ambient air, showing $A€8 mass-doublet atg ~ 28 u ormg ~ 26,100 MeV as recorded

after 101 passes in the coaxial MTOF-MS sB00 mm flight path per passage. From this spectrum one determines the known mass
difference Am ~ 0.0112u orAm ~ 10.5MeV with an FWHM peak widthAm of 15% of Am and a corresponding mass accuracy of
<0.1 x 0.15Am/mo < 10 ppm. Here, it is assumed that one can determine the centroid of each mass<ih@%oof Am.



222 H. Wollnik, A. Casares/International Journal of Mass Spectrometry 227 (2003) 217-222

T
160004
14000

reflections in the MTOF-MS to values16,000. Even
better values were reported in Ref3,10], however,

§ 120004 - differently than in the systems of these reports the ion
g 10000 rg,/.'/ transmission (seEig. 5) is more or less independent
% 8000 . > of the number of reflections in the new MTOF-MS.
; 5000 . yv.«/ The transmitted ion intensity as plottedfing. 5was

£ 4000 ’,// determined relative to the intensity recorded in the ion

detector, when all electrodes of the ion mirror—but

2000 -~ -

g not those of the main lenses, i.e., the three elec-
121 31 41 51 & 71 8 91 101 trodes of each electrode stack (d€ig. 1) that face
the other—were grounded. Overall, there is an initial
~50% loss of the recorded ion intensity. This loss oc-
curs when the ion beam enters the ion-optical system
of the MTOF-MS, while even after many reflections
~40% of the initial ion intensity remains. This result
we regard as a major improvement of the new system
over the one of Ref3] since it allows the number of
reflections to be increased to very large values.

number of reflections

Fig. 4. The mass resolving powe¥Am for the coaxial MTOF-MS
as function of the number of reflections.

best value obtained beirg18,000. With the achieved
statistics the center of gravity of each mass line could
be determined ta<10% of AT and thus tox1.0ns or
<(1.0/75) x 10.44 < 0.17 MeV.

To demonstrate how the mass resolving power and
the ion transmission of the system varied with the
number of reflections of ions, we performed a series of

experiments, the results of which are showifrigs. 4 We gratefully acknowledge financial support from

andiSine Ia_rge scatierin ihe daia 'S‘_ due 1o the fact the “German Ministry fur Bildung und Wissenschaft”
that each point had to be measured in a separate ex-

. . : X and the Max-Planck-Institut fir Aeronomie in Lindau,
periment, which required a new adjustment of several
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potentials.
The achieved mass resolving powa¥Am as
shown inFig. 4increases linearly with the number of  References
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