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Abstract

Dynamic ion trapping is demonstrated for a Fourier transform ion cyclotron mass spectrometer with an open cylindrical cell.
We show experimentally several features of dynamic ion trapping in the open cell: (a) ions can be selectively trapped ir
different regions of the cell, (b) mass selective accumulation of ions can be performed inside the trapping cylinder, (c) ions
can be sequentially transferred between different regions of the cell, and (d) both positive and negative ions may be trappe
and detected simultaneously. (Int J Mass Spectrom 207 (2001) 57—-67) © 2001 Elsevier Science B.V.
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1. Introduction in common a single potential well between the trap
electrodes where ions are trapped by the combination
Numerous efforts in Fourier transform ion cyclo- of a strong axial magnetic field and a static axial
tron resonance mass spectrometry (FTICR MS) [1] electric field.
have been directed toward development and testing of  The concept of the open ICR cell is based on early
FTICR cells of different geometries and configura- experiments with electron and antiproton confinement
tions [2]. for high-precision experiments [9]. In the open-cell
In its simplest configuration, ICR cell consists of configuration, the end cap electrodes are replaced
six electrodes of equal size arranged in a cubic with open cylinders. This improves the pumping
geometry [3]. All other cell geometries such as efficiency, simplifies introduction and ejection of the
cylindrical traps, hyperbolic or Penning traps, charge particles, and eliminates the effect of charging
screened ion traps, end cap-segmented ion cells,and contamination of the trapping plates. Byrne and
matrix shimmed traps, and open traps were designedFarago have used an open cell to produce polarized
to improve the capabilities of the cubic cell design for electron beams [10]. DeGrassie and Malmberg con-
particular applications [4—8]. In spite of the different fined an electron plasma by using three cylindrical
design and geometry, all traps with two end caps have electrodes [11,12]. It has been shown that the great
advantage of the open—end cap electrode configura-
tion is the easy access to the interior of the trap, which
*Corresponding author. E-mail: zenobi@org.chem.ethz.ch facilitates loading of particles and introducing micro-
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waves or laser beams. The open-cell design for electrodes of standard cubic cell [22]. The use of RF
FTICR MS developed by Laude [8,13] permits effi- rather than DC voltage for ion trapping in FTICR MS
cient ion trapping and detection. This design enhanceshas been called dynamic trapping to distinguish it
FTICR MS capabilities in many applications where from static trapping of ions of a single charge sign.
the physical presence of the trapping electrodes is Simultaneous trapping and detection of positive and
impossible or complicates the experimental proce- negative ions has been demonstrated. The method was
dure. Open-cell arrangements have been widely uti- further enhanced by using a circularly polarized
lized in FTICR mass spectrometers having external excitation, which makes it possible to distinguish
ion sources in order to increase ion injection effi- positive and negative ions trapped simultaneously
ciency and eliminate ion trajectory perturbation from [23]. Wang and Wanczek also suggested that ions of
ions that pass through the trapping electrode conduc- poth charge signs could be trapped in ICR by applying

tance limit [13-15].
Applying a conventional static electric potential to

a RF electric quadrupolar potential [24]. Also, an RF
electric quadrupole potential has been applied to

each trapping electrode may trap only positive or £ricR by Rempel and Gross for high-pressure colli-

negative ions. Simultaneous storage of positive and

negative ions in a static electric field is possible in a
double-well potential. It can be created with addi-

tional electrodes. Wang and Wanczek [16] have used

shielding grids in front of the trapping plates to create
a special potential well for simultaneous trapping of
positive and negative ions. Vartanian and Laude
introduced additional rings in the open-cell design to
create several potential wells (a “nested” trap) for
positive and negative ion trapping [17]. The rings are
alternately set to positive or negative potential. A
cylindrical cell with segmented trap electrodes, con-
sisting of two concentric rings, was also used to trap
ions of both charges [18].

Positive and negative ions are stored in different
regions of the cell in those experiments. However, in
many cases, for example, ion/ion interaction studies,

the ions have to share the same region of the cell. The

use of static electric field for ion trapping lacks such
a capability.

Alternatively, in a quadrupolar ion trap (ITMS),
both positive and negative ions may be trapped
simultaneously in the same region. Although only

positive or negative ions can be detected in a common

mode of operation [19], a Fourier-transformed detec-
tion of the image current in a quadrupole ion trap
[20,21] gives a possibility for simultaneous detection
of positive and negative ions.

Gorshkov et al. experimentally demonstrated that
ion trapping in a FTICR MS may be achieved by
using a RF electrical field applied to the trapping

sional stabilization of reaction intermediates and
products [25].

Although virtually most of the FTICR experiments
have been performed with static trapping, even the
nearly quadrupolar electrostatic trapping potential of a
hyperbolic trap [26] presents several experimental
difficulties [27,28].

The method of dynamic trapping is characterized
by simplicity of the experimental setup, high effi-
ciency of ion storage, and the possibility of using RF
fields of low amplitude and frequency.

In this work, we experimentally demonstrate dy-
namic ion trapping in an open FTICR cell. It is shown
that all prior capabilities and advantages of the open-
cell design are preserved. We demonstrate several
features of dynamic trapping in open cell: (a) ions can
be selectively trapped in a different regions of the cell;
(b) mass selective accumulation of ions can be per-
formed inside the trapping cylinder; (c) ions can be
sequentially transferred between different regions of
the cell; and (d) both positive and negative ions may
be trapped and detected simultaneously.

Some of the features of the open cell with dynamic
trapping are similar to dual and multipole trap exper-
iments [29-31]. The manipulation developed and
demonstrated includes the mass selective ion transfer
between the trap cylinders and the detection at the
central region of the trap and mass selective accumu-
lation of externally produced ions in one of the trap
cylinder.
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Fig. 1. Schematic illustration of the open FTICR cell developed in this work and used for MALDI experiments and associated Ciredifry.
mm, C.=30 mm (aspect ratio 1.4).

2. Experimental (Fig. 1). The MALDI sample was placed in the main
chamber and positioned15 mm from one edge of
the trapping cylinder. MALDI samples were prepared
using the standard dried-droplet method. 2,5-dihy-
droxy benzoic acid (DHB) matrix was purchased from
Fluka (Buchs, Switzerland); the dinucleotide AG was
obtained from Sigma (Buchs, Switzerland). Aqueous
stock solutions were prepared. The reference ions
drift into the cell and become trapped in the RF field.
After an appropriate reaction delay period, analyte
ions were excited by chirp excitation and detected.
For each measurement, 50 scans were co-added. The
32 K of raw data was Fourier transformed and
displayed in magnitude mode. Gated trapping was
used for conventional DC trapping experiments. The
typical pressure in the cell region wass10° Torr.

Experiments were performed on a Fourier trans-
form ion cyclotron resonance (FTICR) mass spec-
trometer that consists of a home-built vacuum system
with a 4.7-Tesla superconducting magnet (Bruker,
Fdlanden, Switzerland) and an Odyssey data acqui-
sition system (Finnigan FT/MS, Madison, WI). A
home-built cylindrical open cell wittC, = 40 mm,

C. = 30 mm,d = 60 mm, and an aspect ratio of 1.4
was used for dynamic trapping of MALDI ions (Fig.
1). The instrument has an internal MALDI source
located at the low-pressure region a few millimeters
away from the ICR cell. For laser desorption, a
Nd:YAG laser (Continuum, Minilite ML-10, Santa
Clara, CA, USA) operated at 355 nm was employed.
Laser desorption/ionization was accomplished at a
pulse energy of~20 wJ. Reference ions were pro-
duced from a single laser shot and trapped by apply-
ing a 10-Vpp AC voltage produced by an external 3. Results and discussion

function generator (Tabor 8551, Tabor Electronics

Ltd., Israel), which can synthesize sinusoidal, trian- 3.1. Open-cell design

gle, and rectangular waveforms at frequencies up to

50 MHz, with an amplitude up to 15 Vpp. If neces- The aspect ratio for the conventional closed ICR
sary, a conventional static potential can be applied to cell is simply defined as a ratio of the cell length and
the trapping cylinders using a home-built switch box the cell diameter. From SIMION calculations of the
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electric field distribution inside the ICR cell, the
aspect ratio for the open cell can be expressed as [32]:

(1)

whereC, is the length of the trap cylinder§, is the
length of the excitation/detection cylinder, ashis the
trap diameter.

The potential well depth and radial electric field
inside the cell depend strongly on the value of the
aspect ratio [8,32]. An open cell with an aspect ratio
of 1.4 was built for our experimentC(= 40 mm,

C. = 30 mm, andd = 60 mm) because for this fixed
cell volume (Z,+C,= Const), the potential well
depth was found to be maximum at a low radial
electric field. The experimentally measured ion cyclo-
tron frequency shift for the open cell used in this work
is 13 Hz/V.

R=1.19(C, + Co/d,

3.2. DC trapping in the open-cell experiment

The potential distribution in the open cell is shown
in Fig. 2(a). The centerline trap potential profile
(trapping potentials were set t65 V) was obtained
from SIMION calculations. Positive ions with an
energy of upd 4 V can be trapped in the center region
of the cell when DC trapping potential is applied. A
negative DC potential is used to obtain mass spectra
of negative ions.

The experimental sequence for the static DC trap-
ping includes ion introduction, gated trapping, exci-
tation, and detection. Spectra of positive and negative
DHB ions, as well as the negative ion spectrum of
DHB+AG were obtained for comparison with other
types of experimental measurements.

3.3. Dynamic trapping in the open cell

Fig. 2(b) shows the centerline potential distribution
when a+5 V RF field was used for ion trapping. The
trap potential has the same shape as in Fig. 2(a) but
inverts periodically at the frequency of the RF trap-
ping field, ). The grounded sample target from one
side and the cell flange from the other serve as
additional trap electrodes. There are three potential
wells where ions can be trapped: two of them are
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Fig. 2. SIMION plot of the potential well depth versusaxis
position for the open cell (aspect ratio 1.4, Excite/Detect poten-
tials= 0 V). (a) DC trapping (trap potentials-5 V): ions are
trapped only in the center region of the cell. (b) Dynamic trapping
(RF potential 5 Vpp is applied to both of the trap cylinders): ions
can be trapped in three regions of the cell. (c) Dynamic trapping
(RF potential 5 Vpp is applied to Trapcylinder): ions can be
trapped in one of the cell cylinder.

inside the trap cylinders (Tramnd Trap), and one is
at the center of the cell (Excite/Detect region).

The ability to trap ions by alternating electric fields
of low amplitude and frequency follows from an
understanding of the ion motion in an RF field. It has
been shown that in the quadrupolar approximation of
the trapping electric filed inside the ICR ion trap, the
ion motion can be described by the following equation

[22]:

Z" + 2yVzZim cogOt) = 0, (2)
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where V is the amplitude of the RF voltage applied to
each end cap angis determined by the trap geometry.

Eq. (2) is a form of the well-known Mathieu
equation [33] with a stability parametey, which can
be expressed as:

q, = 4yVzZimQZ2. (3)
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Simultaneous excitation and detection of the ions
of both charge signs is possible when no DC offset or
the same RF potential are still present during excita-
tion and detection events. This may induce unfavor-
able noise in the detection circuit, although the RF
trapping frequency is generally much lower than the
ion cyclotron frequency. However, in some cases

Because of the presence of the strong magnetic field (Nigh mass detection), frequency filters were required

in Z direction, the ion motion in radial direction is
stable and onlyZ motion needs to be considered.
Once ions are stable in tt&direction, their trajecto-
ries are confined inside the cell. Frequency and
amplitude of the RF field should satisfy the valueypf

at which the ion motion is stable [34]:

0<q,<0.9 (4)

In our experiment, the ion motion inside the trap for
an ion withm/z= 100 Da at an RF field amplitude of
10 Vpp and a frequency of>20 kHz is stable
according to Eq. (4). Although the previous theory
was derived for the cubic ICR cell geometry [22], we
found experimentally that it also describes the open-
cell well. Because of the different size and potential
distribution of the central region and the trap cylin-
ders, the trapping conditions there are different. Ex-
perimentally, it was found that

(-'UmQZ)TrapA = 1-4q1/m2)0entrai (YA

= 1'46yCentra) (5)

Fig. 3(a) illustrates the experimental FTICR sequence
used for dynamic trapping in the open cell. An RF
trapping potential (10 Vpp, 10-100 kHz sinusoidal
waveform) was applied to both trap cylinders (Txap
and Trag) during introduction and accumulation

periods. lons of both charge signs with masses corre-

sponding to the stability region (Eqg. [3] and [4])
were trapped in three regions of the open cell: both of
the trap cylinders (Trgpand Trapg) and the center
region (Excite/Detect). Only positive ions were ex-

cited and detected when a positive DC offset (dashed

line on Fig. 3[a]) is applied to the trap cylinders, and

to reduce the RF trapping field and its harmonics from
the detection circuit.

3.4. Dynamic trapping in the first trapping cylinder

lons can be trapped in one of the trapping cylinders
as shown in Fig. 2(c). In this case, RF potential is
applied to the Trap cylinder, whereas all other
cylinders are at ground potential. The open trap can be
approximated by a cylindrical trap with grounded end
caps in this experiment. One end cap is the grounded
sample target, and the other is a central cylinder. The
SIMION plot in Fig. 2(c) shows that the potential well
depth created by an alternating electric field inside the
cylinder is deeper than the one created if RF is applied
to both trap cylinders (Fig. 2[b]). It is caused by the
trap electrodes geometry.

Once the ions are trapped in the first cylinder, they
have to be moved into the central region of the trap for
the excitation/detection events. The following exper-
imental sequences were used for trapping and sequen-
tial ion transfer (Fig. 3[b]): An RF trapping potential
is applied only to one trap cylinder (Trgpduring ion
introduction and accumulation, while all others are
kept at zero potential. After the appropriate ion
accumulation period, ions are transferred from the
first cylinder into the central region of the trap by
applying an attractive potential to the second trap
cylinder. Excitation/detection events are the same as
discussed above. Positive ions, negative ions, or both
can be excited and detected.

3.5. Selective trapping of ions

As follows from the previous discussion, there is a

only negative trapped ions were detected for negative stability region defined by the ion’s mass-to-charge

DC offset (solid line on Fig. 3[a]).

ratio and the RF field amplitude and frequency (Eqq.
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Fig. 3. FTICR event sequence for dynamic trapping of ions in an open cell. (a) Dynamic trapping in an open cell. (b)Dynamic trapping in a
single cell cylinder.

[3] and [4]). This means that for a given mass-to- the RF voltage by which the ions can be trapped. The
charge ratio, there is a minimum frequency (maxi- optimum trapping frequency can also be obtained.
mum amplitude) below which the ion motion inside The experimentally defined minimum trapping fre-
the trap becomes unstable. qguency for the different masses satisfies the Mathieu
Fig. 4 illustrates the dependence of dynamically equation:
trapped negative ions on RF trapping frequency. lons
with three different masses produced from DHB and Az (6)
AG were investigated. The frequency of the RF
trapping potential was varied while keeping the am- wherekis defined in Eq. (3) anth, = 579,m, = 329,
plitude constant\{(,. = 10 V). andm, = 153.
The plot on Fig. 4 gives the minimum frequency of The minimum trapping frequency as a function of

= k(M Q?) = K(myQ2) = ki(myQd) = 0.9,
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Fig. 4. Dependence of relative peak height of dynamically trapped negative ions on RF trapping frequenc§,RPointand(); correspond

the minimum RF frequency (trapping limits) for trapping ionsnaz =

mass for our cell geometry at a constant amplitude
(Vo= 10 V) can be empirically expressed as

Quin = 235M'2, (7)

where() is in kHz andm is the mass-to-charge ratio
in Th. This equation can be used for selective ion
trapping in the open cell to define the cutoff trapping
frequency.

The maximum trapping efficiency was obtained for
g, = 0.4, in a good agreement with nonmagnetic ion
traps [33] and previous work on dynamic trapping in
FTICR [22].

An example of selective trapping in the first
cylinder is shown on Fig. 5. The spectrum of DHB
matrix and AG collected using conventional DC
trapping in the open cell is shown in Fig. 5(a). The
peak of interest is the AG molecular ionratz= 579
Da with a signal-to-noise ratio of 30.

The spectrum in Fig. 5(b) shows the result obtained
from an experiment with dynamic trapping in the first
cylinder. An RF field with a frequency of 10 kHz was
used for dynamic trapping. As follows from Eg. 6, all
ions with masses<550 Da are lost from the trap

579, m/z= 329, andm/z= 153.

separated from the matrix ions, which is important for
MALDI-MS.

3.6. Dynamic accumulation of externally produced
ions in the open cell

The method of dynamic trapping can be success-
fully used for the stepwise accumulation of low-
abundance ions in one of the trap cylinders. This
accumulation may be necessary for obtaining higher
signal-to-noise ratios or for increasing the dynamic
range. In this work, we consider the accumulation of
MALDI ions produced from several laser shots. The
accumulation of ions with gated trapping under low-
pressure conditions is not effective. lons are intro-
duced into the cell while one of the trap potentials is
lower than the other and become trapped when the
potential is gated to create an appropriate potential
well. For the next ion introduction, the potential
should be lowered and gated again, and in the absence
of an additional ion cooling mechanism, most of the
previously accumulated ions will be lost. Fig. 6(a)
presents experimental data for the ion loss from the

because of unstable trajectories. There is a large open cell with DC trapping during the reintroduction
increase in the signal-to-noise ratio and considerable of ions. The results were obtained for the deproto-
increase in peak resolution. The resolution increase nated DHB molecular ion nj/z= 153) and low-

can be attributed to reduction in space charge becaus
the low-mass ions are removed. This experiment

goressure conditions. One of the trap potentials was
gated from O to—2 volts during ion introduction. It

shows that the analyte ions can be successfully can be seen that 90% of the trapped ions are lost
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Fig. 5. Selective trapping of AG molecular ion in the first trapping cylinder. (a) static trapping; (b) dynamic trapping (10 Vpp, 12 kHz).

during the reintroduction period, and the accumula- trapped. Subsequent ion introduction will add addi-
tion efficiency may be calculated as: tional ions to the previously trapped, that is:

(N)pc = (No)pc(L +n+...n"), (8) (N) e = i(No)re- (9)
wherei is the number of ion introduction stepsd, the
number of ions trapped from a single laser shot,and  G€nerally we observe that the primary trapping effi-
the ion retention coefficient during the reintroduction Cciency of dynamic trapping is lower (it is RF phase
(n=0.1). For four laser shots\, = 1.11IN,. The dependent) than in conventional DC trapping but the
accumulation efficiency for the DC trapping becomes accumulation efficiency is higher.
higher when ion-neutral collisions take place in the =~ The measured accumulation efficiencies for the
trap. Note that by appropriate adjustment of the DC deprotonated DHB molecular ion for DC and RF
potentials during gated trapping, successful stepwise iontrapping are compared in Fig. 6(b). The primary
accumulation is possible in static trapping mode [31]. trapping efficiency is almost two times higher for the
In the dynamic trapping mode, the ions may be DC trapping, but the accumulation efficiency is better
introduced directly into the RF field and become for dynamic trapping. lons can be successfully accu-
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mulated in the first cylinder and than transferred into trapping modes, as well as a number of additional

the center trap for detection.

3.7. Simultaneous positive and negative ion
detection

Successful dynamic trapping of DHB ions is
shown in Fig. 7, with the RF trapping voltage at
V,.= 10 V and a trapping frequency of 75 kHz. In
positive ion mode (DC trapping; Fig. 7[a]), peaks at
m/z= 177, m/z= 199, andm/z= 273 are readily

observed. In the negative ion mode (DC trapping, Fig.

7[b]), the only significant ionic species amz= 153
and m/z= 409. With dynamic trapping (Fig. 7[c]),
with RF applied to both of the trap cylinders during

species. Some of them are probably caused by ion—ion
and ion—electron reactions during simultaneous posi-
tive and negative ion trapping.

4. Conclusions and outlook

An FTICR cylindrical open cell with dynamic trap-
ping of ions has been developed and experimentally
evaluated. Several capabilities that should serve to ex-
tend the applications of FTICR have been demonstrated
including trapping of ions inside the trap cylinders,
which increases the cell capacity and dynamic range;
selective trapping of ions allowing to separate ions
during introduction and accumulation; mass selective

introduction, accumulation, and excitation events, we ion transfer between the trap regions; mass selective
detected all of the species observable in both static accumulation of ions in one of the cylinder, which may
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Fig. 7. Simultaneous positive and negative ion trapping. (a) static (DC) positive ion trapping mode; (b) static negative-ion trapping mode; (c)
dynamic trapping (RF applied to both of the trap cylinders; 10 Vpp, 75 kHz).

be useful for obtaining higher signal-to-noise ratios or help and useful discussions on the subject of this
for increasing dynamic range; and simultaneous positive article; and Leo Weinberg for his help with electronic
and negative ion detection, which gives in addition the construction.

possibilities of ion—ion reaction.
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