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1. Introduction

Electrostatic ion-beam traps are a recent development in the
area of ion storage devices [1,2]. Similar to electrostatic ion storage
rings [3-10] they provide confinement for ions of defined kinetic
energies, independent of their mass. Although they are used for
various applications in atomic and molecular science [11-17], elec-
trostatic ion-beam traps are based on similar designs and operation
principles. Typically, they consist of two ion-optical mirrors creat-
ing a potential barrier qU(z) (with the ion charge q and the electric
potential U(z) as a function of position along the axis, z) at the ends
of a drift section. To achieve storage the potential maxima have to
exceed the ions’ total energy, i.e., their kinetic energy E in the drift
section,

qU(z) > E (1)

with the potential energy in the drift section defined as zero. Thus,
the ions are confined axially and bounce back and forth between
the two ion mirrors, see Fig. 1. Transversal confinement is achieved
by focusing elements in front of or integrated in the mirrors.

Such an arrangement was already reported five decades ago as
“Farvitron” [18,19]. The two electrostatic mirrors were adjusted for
identical revolution time independent of the ions initial param-
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Fig. 1. Schematic illustration of the trapping criterion Eq. (1). lons are confined
axially between the two ion mirrors as long as their kinetic energy is lower than the
potential maximum in the mirrors.

eters (for ions of the same mass-to-charge ratio). The ions were
produced between the mirrors, i.e., already inside of the device
and thus no voltage switching was necessary for the capture. This
device was developed as a compact residual-gas analyzer in the
UHV range. A related design was later proposed by Wollnik and
Przewloka [20] to enhance the performance of ToF mass spectrom-
eters. In this application the ions fly along the same track multiple
times while repeatedly being focused by two reflectron ion mir-
rors in an antiparallel, coaxial configuration. These multi-reflection
ToF mass analyzers/spectrometers (MR-ToF MS) were later set up
and successfully tested [21-24]. For appropriate electrode arrange-
ments and voltages, high mass-spectral resolving powers R=m/Am
have been reached [25-30] which make these devices attractive for
precision mass spectrometry and the purification of ion ensembles
with respect to their masses [28-30]. In the following we will not
distinguish between the various applications and refer to all devices
as MR-ToF MS.
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While in the case of the Farvitron the ions were created inside
the trap they are nowadays in general produced in dedicated
sources outside of the MR-ToF MS. Thus, they have to be injected
into the device by sending them through one of the ion mirrors
(the entrance mirror). Similarly, in most cases, the ions are finally
ejected through a mirror (exit mirror) for detection or additional
investigation. Entrance and exit mirrors may be identical, butin any
case, during both injection and ejection, the total ion energy has to
be higher than the maximum potential energy in the entrance/exit
mirror in order to allow the ion passage. However, this is in
contradiction to the trapping criterion, Eq. (1), i.e., different volt-
age settings are required for the storage and injection/extraction
periods of an experimental sequence.

Injection and ejection of ions from MR-ToF MS has been
achieved by switching the electric potentials of the entrance and
exit mirrors, respectively, to appropriate lower values while the
ions are passing. In the following, an alternative method is pre-
sented that simplifies the ion transfer to and from the MR-ToF
MS considerably: instead of lowering a sufficient number of mir-
ror electrodes, a single capture pulse is applied to just one drift
tube between the ion mirrors. In addition, by varying the height of
this voltage pulse applied to the in-trap drift tube, the ions’ time
focus can be adjusted with respect to the distance from the trapping
region. Thus, by use of appropriate settings the resolving power for
mass spectrometry or for the separation of particular ions of inter-
est from contaminant species can be maximized. Furthermore, by
use of the new in-trap potential-lift technique the trapping energy
inside the MR-ToF device becomes independent of the transfer
energy in the up-/downstream beamline. This decoupling of the
MR-ToF MS from the beamline has several advantages, in partic-
ular with respect to their individual optimizations. Moreover, it is
not necessary that injection and ejection pulses are of equal height
which gives the possibility to change the kinetic energy after the
MR-ToF device. In the following these features will be discussed in
detail.

2. Comparison of ion capturing and ejection with switched
mirrors and in-trap lift
Fig. 2 illustrates the differences between the conventional

mirror-switching technique (Fig. 2 left) and the in-trap potential-
lift technique (Fig. 2 right).

mirror switching

2.1. Mirror switching

When the ion bunch arrives from the left, the potential of the
entrance mirror is lowered such that the ions can pass the mirror
and enter the trap region (a). After the ions passed the entrance mir-
ror region, the mirror is raised back to the trapping value (b). Thus,
externally created ions are captured (c). Similarly, the potential of
the exit mirror is lowered below the total ion energy for ejection
(d) and ions can escape via the exit mirror (e).

2.2. In-trap lift switching

In the framework of the new in-trap potential-lift method, the
incoming ions have a kinetic energy qU; ansfer > QU(2) that exceeds
the maxima of the mirror potentials. Thus, they pass the first mirror
and enter the drift tube from the left (a). While the in-trap liftis acti-
vated, i.e., a potential U is applied, their kinetic energy is reduced
by qU,i when entering the lift electrode. Once the ions have entered
the lift it is deactivated, i.e., it is switched to ground potential, (b)
and the ions are trapped as their energy is no longer high enough
to pass the mirrors (c). After a certain number of reflections, the
ions can be ejected by activating the in-trap lift voltage again while
they are inside the drift tube (d). Thus, they are regaining enough
energy to leave the MR-ToF MS (e).

Due to the strong focusing effect of the inhomogeneous electric
field inside the mirror, special care has to be taken with respect to
the injection ion optics in front of the device and the ejection ion
optics behind the device. As an example a set of cylindrical lenses
can be used to focus the beam near the turn-around point to prevent
radial ion losses.

2.3. Comparison

The use of the in-trap potential lift instead of switched mir-
rors has several advantages. The nominal trapping energy inside
the MR-ToF device becomes decoupled from the transfer energy of
the beamlines in front and behind the MR-ToF MS. As long as the
transfer energy of the ions in the beamline is high enough to let
the ions pass the mirrors, they can be captured with the in-trap
lift to any nominal trapping energy below the transfer energy. This
simplifies the optimization of antecedent parts of the MR-ToF MS,
because changing the transfer energy qUi;ansfer does not affect the
trapping conditions as long as the difference Uy apsfer — Ulife 1S kept

in-trap potential lift
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Fig. 2. Schematic illustration of ion capture, storage and ejection with a mirror-switching design (left) and with a static mirror design using an in-trap potential lift (right).

For details see text.



10 R.N. Wolf et al. / International Journal of Mass Spectrometry 313 (2012) 8-14

constant. On the other hand, the nominal trapping energy can be
varied without the need of adjusting the ion-source potential or
other ion-optical elements outside the MR-ToF MS. In addition, the
tuning of the trapping energy is a very effective and efficient way
to maximize the resolving power, as described in the next section.

On the other hand, the in-trap lift reduces the accepted time-of-
flight distance of different species or, in case of extended bunches
or continuous ion beams, the trapped number of ions. Depending
on the particular layout of the device, the in-trap lift has a length of
I;ire and incoming ions have a kinetic energy of E. The time of flight
they travel through the lift electrode is

m
T

For example, the velocity of light ions with a mass of m=28u
and akinetic energy of E=2keVis v ~ 120 mm s~ !. Thus they need
tiige ~ 2.6 s to pass a ljj; = 300 mm drift tube. Edge effects have not
been included in the present study. The edge field region of about
one to two times the drift-tube diameter should be avoided, i.e., no
ions should be within this region when the voltage is switched since
they would acquire a different energy, between q(Uiransfer — Ulift)
and qUipansfer- Using fast solid-state switches with transition times
well below 0.1 s, the accepted time-of-flight distance is close to
the drift time in the lift electrode minus the edge regions. Fur-
thermore, ions that are far enough away from the accelerating or
decelerating edge regions used to increase or decrease the ions’
kinetic energy for ejection or injection (either in the mirror regions
or somewhere else in the drift tube) are not affected by potential
changes of the in-trap lift electrode. Therefore, once the distance
between two species is large enough, only one of them can be
addressed selectively for ejection or capturing.

The main difficulty in using an MR-ToF device for high mass-
resolving power is to keep the mirror voltages as constant as
possible over the whole measurement period. In general, the power
supplies produce voltage fluctuations ranging from several hun-
dreds of kilohertz down to a few microhertz. High-frequency
fluctuation, ripple or noise is produced by the transformers used to
create high voltages. On top of that, there may be a 50/60 Hz compo-
nent originating from line voltage. This contribution is usually well
known and specified for the device. In contrast, the low-frequency
fluctuations or drifts below 1Hz are often unknown. They are, in
general, much higher in amplitude than the high-frequency com-
ponents and very hard to suppress.

One has to distinguish, which of these components degrade the
performance of the device in which state of operation. The high-
frequency components change the potential distribution inside
the mirrors in the time range of the ions’ revolution time. Thus,
they decrease the mass-resolving power achieved for a single-shot
spectrum. The mid-frequency fluctuations change the potential
distribution between several spectra, assuming experimental rep-
etition rates between about 1 Hz and 1 kHz. This leads to a blurred
accumulated spectrum that is often several times worse than the
single-shot spectra. The low-frequency contributions change focus-
ing and arrival times in the range of minutes to hours, which needs
to be compensated by continuous recalibration and reoptimization
of the apparatus.

There is an additional difficulty connected with the switching
of the mirrors: Their potential distribution changes as a function
of time after the mirror voltages are switched on. This is due
to the drop of the high-voltage line caused by the load change,
which is then compensated by the power-supply biasing the
mirror-electrode voltage. Thus, there is a different optimal trap-
ping potential distribution that compensates ToF aberrations best
for every number of revolutions n. For an optimization of the resolv-
ing power the mirror-potential distribution has to be re-adjusted
for each specific number of revolutions.

(2)

Life
tig = = Lt -
lift v lift

As an example, assume a mirror electrode switched from
0 for injection to Vpom nominal trapping voltage and a
capacitance of the load circuitry of Cy,g. To recharge the
electrode within a few hundred nanoseconds, an energy stor-
age in form of a buffer capacitor may be used, for example
Chuffer = 100 - Cpaq. After switching, the electrode is only recharged
to V=Vhom - Coufrer/(Couffer + Cioad) = 0.99 - Vhom. This voltage drop of
1% is then recharged by the powersupply, leading to a voltage
change typically in the millisecond range, dependent on the cur-
rent output and regulation speed of the power supply. Therefore,
the potential distribution inside the mirror changes continuously
for milliseconds, which decreases the performance considerably. In
contrast, the in-trap liftis free from this drawback. The ions are only
influenced by the pulsed drift electrode when they are entering or
leaving the MR-ToF MS. This period is very short, of the order of a
microsecond, and thus power-supply drifts due to load changes are
negligible.

3. Time-of-flight focusing

To maximize the resolving power of a ToF MS, it is most impor-
tant to control the position of the time-focus plane. Ideally, for mass
analysis or ion separation it is placed on the detector or on the
device for ion selection, respectively. The time-focus plane of an
arbitrary ion source can be shifted in space by use of a reflectron
[31] as well as by a multi-reflection ToF device as discussed in the
following.

Ions (of the same mass-over-charge ratio) oscillate in an MR-ToF
MS with a revolution time T(E) depending on their kinetic energy
E. More quantitatively, the relative revolution-time difference

T
- -1
To

of any ion with respect to a reference ion with a period Ty can be
expressed as a function of its relative kinetic-energy difference

St 3)

Sp=——1 (4)

with respect to the reference ion’s kinetic energy Eg. In the follow-
ing, small deviations (67 <« 1, 8g « 1) are assumed which allows to
limit the discussion about the energy dependent ToF differences
to the linear coefficient d87/0dg. Moreover, ToF aberrations with
respect to geometric deviations are not considered, i.e., the ions
are assumed to fly close to the optical axis of the system (for a
more detailed treatment, see references [24,25,31]). The settings
can either be adjusted to d§7/d8g >0, i.e., ions with higher energy
have a longer revolution time or to d87/d8g <0, i.e., ions with lower
energy having a longer revolution time. Both of these cases can
be achieved in an MR-ToF device either by adjusting the mirror-
potentials for a fixed kinetic energy or by adjusting the kinetic
energy for fixed mirror potentials. The latter is illustrated in Fig. 3.
It is considerably easier than the first method as there is no need to
adjust the mirror voltages once these values have been optimized.
Depending on the value of d57/d8g, the position of the time-focus
plane of the MR-ToF device will change: For d§1/dg <0, it moves
closer to and for dd7/d8 > 0 further away from the ion source. With
the in-trap lift, the average trapping energy of an ion bunch is cho-
sen when the ions enter the devices, E =q(Uansfer — Ulite = AU). In
other words, the in-trap lift aides to navigate the ion bunch on the
S7(8g) curve, see Fig. 3.

Most MR-ToF mirror-potential optimizations aim at the energy-
isochronous state d67/ddg =0 [22-30]. However, this condition is
usually not easily achieved and conserved. In contrast, it will be
shown in the following that states with d87/08g # 0 can be used
to gain a comparably high mass-resolving power. In addition, this
method relies on the variation of only one voltage which favors
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relative revolution time difference 0,

relative kinetic energy difference 0.

Fig. 3. Schematic example of the relative revolution-time difference r as a function
of the relative kinetic-energy difference ;. Sections of different slopes are indicated
inred as well as the energy distribution A§g of abunch. To change the average kinetic
energy of a bunch and therefore the corresponding ToF energy dispersion relation
0387/d8E, the in-trap potential lift voltage Uy can be changed.

a quick optimization of an MR-ToF device. Moreover, for each
number of revolutions n and each position of the ion source’s time-
focus plane, an optimal time focusing of the MR-ToF device can be
achieved as long as there is a change in sign of d§7/d8g. The two
cases of a positive and a negative ToF energy-dispersion coefficient
are discussed in the following.

3.1. Positive ToF energy-dispersion coefficient, d87/95g >0

Fig.4illustrates the case where the time-focus position of the ion
source is located in front of the MR-ToF device. At passing this plane,
the faster ions outpace the slower ions and the signal width At of

of the source to the center of the MR-ToF device, the time spread
increases by At; and in the flight time t, from the center of the MR-
ToF device to the detector by At,. By capturing the ion bunch and
storing at a kinetic trapping energy with positive energy-dispersion
coefficient d81/08g > 0 (Fig. 3), the time difference between ions of
different kinetic energies becomes smaller with each revolution.
After a certain number of revolutions, i, a second time-focus plane
can be found in the center of the device (Fig. 4 middle), i.e., the ToF
deviation At; is compensated. However, after the ions are released
towards the detector, they will again start to spread in time (Fig. 4
middle, right). Therefore, to compensate the ToF difference At, due
to the flight path from the center of the analyzer to the detector, an
additional number of revolutions j has to be performed before the
ions are ejected (Fig. 4, bottom).

Let Ats= Aty + Aty be the ToF difference between the slowest
and the fastest ion at the detector plane while “shooting through”
the MR-ToF device with an activated in-trap lift (Fig. 4 top). This
time difference has to be compensated in n=i+j revolutions, thus
Atg/n per revolution. This leads to

At 1. 387
T_ToaTEA(SE (5)

to compensate the ToF deviation with respect to energy.
To achieve a high mass-resolving power

m t

R=Am = 2A0

(6)

the absolute flight time t=t; + nTy + t; = t; + nTy has to be high com-
pared to the ToF distribution At at the detector plane. When the
ToF deviations At; originating from energy differences Adg and ini-
tial ToF differences Aty, (thermal ion distribution in source region,
turn-around time in pulsed ion converters) are add up, the overall
ToF distribution width is

the ion bunch starts to increase again due to the different kinetic 35 2
energies originating from different axial starting positions in the At = | A5 + <Afs - nToa(STA55> (7)
ion source. Within the flight time t; from the time-focus position E
ion source mirror 1 in-trap lift mirror 2 detector
[ ]
.o * > :b—b— * > . > .. >
® F—> > a—> *———> B T
time focus I— ! ! 4‘ =0
o ]
+i revolutions > >
[ >
a (5 L — [
T ‘ ’ .
a (5 >0 I_ ! time focus ! _] n=l
E
! =
+j revolutions P — }
-~ -—> !
> —> e !
I— ! ) —] n=ij time focus

Fig. 4. Illustration of the time focusing by use of the in-trap lift for a positive ToF energy dispersion coefficient. The ion source’s time-focus plane is located between the ion
source and the MR-ToF device. After i revolutions, a time focus plane is found in the middle plane of the MR-ToF and after i +j revolutions, the time focus has moved onto the

detector. For further explanations see text.
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Fig. 5. Relative time width (top) and mass-resolving power (bottom) as a function
of the number of revolutions according to Eqs. (8) and (9), respectively (for t;/Tp =2
and Aty /To=1x 10-3). The curves represent three sets of ToF energy dispersions
087/08k - ASg and time spreads At;/T, the dashed curve represents the case of a ToF
energy-isochronous state.

which results in a mass-resolving power

R:%:ﬁ: &+ o )
2/ AL, + (At — nTo(5r/56)A5¢
Fig. 5 shows the relative ToF distribution width
2
At At Aty 38y
==t (25 s lAS 9
R PR T ®)

and the mass-resolving power R as a function of the number of
revolutions inside the MR-ToF device.

The first curve (red) exemplifies the cases when the time-
focus plane of the ion source was initially set on the detector,
Ats=0, and the ions with an energy difference Adg are con-
fined in the MR-ToF with a weak positive ToF energy dispersion,
087/08g - ASg=2 x 107>, In this case, the signal width is increas-
ing continuously, starting from its minimal value, i.e., the thermal
time spread Aty =1073T, (Fig. 5 top). This induces a fast, quasi-
linear increase in mass-resolving power for the first few tens of
revolutions until it converges slowly to the maximum for higher
revolution numbers (Fig. 5 bottom). This maximum, for n— oo, is
limited by the ToF energy dispersion d51/ddg - Adg. For the second
(green) and third (blue) curves, different ToF energy coefficients
and relative energy differences d87/d8g - ASg were chosen for a fixed
initial time-focus plane in front of the detector, such as the primary
time focus position of the ion source. The ToF from this plane to the
detector was set to t;=2Ty and the ToF difference was chosen as
Ats=5 x 1073Ty. The initially high time spread At is reduced until
a minimum, namely At,;, is obtained according to

AAL(n)

- =0 (10)

@
)
g
=
3
£
o
H
©
c
=)
. aé T
T
ALIT, aTEME
oH® 0 -1x10°® | ——t
© -5x10° -2x10°

S 125+ @ -5x10° -1x10°% L
= G Pag
o Y,
5 100+ a1
: @
S 75t / o +
c
, /
g 50+ y -
o
@ 251 +
E

0

0 100 200 300 400 500 600 700
revolutions n

Fig. 6. Relative time width (top) and mass-resolving power (bottom) as a function
of the number of revolutions according to Eqs. (8) and (9), respectively (for t;/To = 2,
Atp[To=2 x 1073). The curves represent three sets of different ToF energy disper-
sions d871/dd¢ - Ade and time spreads At;/To, the dashed curve represents the case of
a ToF energy-isochronous state. Note the changed abscissa compared to Fig. 5.

after
At 1
A= Ty (3617080 A% ()
revolutions where a mass-resolving power of
_t+nado 1 At )
Rnad = —5Re,~ = 24, (ts + (85, /085) Ao (12)

is reached. The maximum of the mass-resolving power is derived
from

oR(n) 1
on (13)
and is reached at
1 Aty 14
MR=1Ac\ ' R OAG + (951 /08:) A (14)
revolutions with a value of
2
_ 1 Al’5+t5(a5r/385)A85
R(®) = 355, 7055 0% ( Aty +1
_ Aty 2
= R(”A‘)\/<Ars T ts(aar/aag)AaE) 1
_ 1 Aty 2
= Rna0) + iR(”Af)(Ars n tS(B(ST/a(SE)A(SE) (15)

In comparison to case 1 of Fig. 5, i.e.,, an ion-source time-
focus position initially set on the detector and an MR-ToF with a
weak positive ToF energy-dispersion coefficient where a maximum
mass-resolving power of R~ 25, 000 is approached asymptotically,
in case 2 the maximum R~ 65, 000 is reached at only ng ~ 130 rev-
olutions. This holds even for a ToF energy-dispersion coefficient
further away from the energy-isochronous condition 987/d8g=0,
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because the minimum time spread At= Aty is found at a higher
number of revolutions, na., and therefore at a longer flight time
t=ts+na.Tp. In case 3, a mass-resolving power of R~ 128, 000
is reached at ng~260 revolutions with the same ToF energy
dispersion as in case 1 (particularly the same potential distribu-
tion of the MR-ToF mirrors), but with the initial focus point in
front of the detector. The number of revolutions were the min-
imum of At is found is proportional to the time spread gained
between the ion source’s time-focus point and detector, Ats, and
inverse proportional to the ToF energy dispersion 067/ddg - ASg,
Eq. (11).

3.2. Negative ToF energy-dispersion coefficient, 061/d0g <0

In the case that the time-focus plane of the ion source is behind
the detector, the MR-ToF device can be operated in a negative-
dispersion mode to move this plane onto the detector and achieve
maximum mass-resolving power.

All considerations can be performed in analogy to the case dis-
cussed above, Section 3.1. Again, At; is the time difference between
the slowest and the fastest ion at the detector plane and is now
of negative sign because the slowest ion still leads the bunch and
therefore has the shortest flight time, Ats <0. This has to be com-
pensated within n revolutions, analog to Eq. (5). The slowest ions
leading the ensemble will now have a higher revolution time inside
the MR-ToF and therefore with each revolution the time-focus
plane will move closer to the detector. With the given definition
of Ats, which in this case turns negative, the mass-resolving power
and relative ToF distribution width are still expressed by Eqgs. (8)
and (9). For consistency, the value of t; is kept the same. The cor-
responding curves for graphical illustration are shown in Fig. 6. In
order to create a focus point behind the detector, the time spread
At,/To=2 x 10-3 was doubled while the ToF energy dispersions
were halved. All other considerations are the same as in the case of
positive ToF energy dispersion, discussed above. As a consequence
of the reduction of the ToF energy dispersions by a factor of two,
the number of revolutions to reach the minimum time spread or
maximum mass resolving power is doubled in cases 2 and 3 of
Fig. 6.

4. Summary and outlook

By use of a pulsed drift tube between the ion mirrors of an
MR-ToF device the operation can be significantly facilitated. Sev-
eral implications of this approach have been outlined. In particular,
there is no lack of mass resolving power with respect to the con-
ventional method of switching of the mirror voltages. Moreover,
the mass resolving power can be maximized for any number of
revolutions, ion-source configuration and position as well as detec-
tor position by adjustment of a single, minor-critical voltage and
without the need of further external ion optics. The new method is
currently been tested at the on-line mass spectrometer ISOLTRAP
[30].

In addition, the single ion description is presently extended
by computer simulations including ion-ion interaction. In partic-
ular, a possible advantage of the negative dispersion mode may
be the avoidance of ion bunch coalescence, previously referred
to as self bunching [32-34], where a bunch of ions stays focused
in time, regardless of their (close but different) mass-over-charge
ratios. This effect of the Coulomb interaction and correspond-
ing energy transfer between the ions is thought to appear in
positive dispersion mode only. By avoiding this regime, higher
ion numbers could be injected and mass analyzed or separated.
Further investigations and comparisons of the modes discussed

based on Coulomb-interaction simulations are currently under
way.
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