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bstract

Experiments were done in a new open cylindrical ICR cell to establish ion–ion collisions between positive and negative ions of SF6 in the gas
hase for the first time. Only one electron pulse for ion generation was employed (single shot). The role of pressure was illustrated to encourage high
on densities to be a prerequisite for ion–ion reactions. No electron transfer could be deduced from the experiments. Anion–anion collisions could be
ndicated. The dynamics of applied potential changes on both ion polarities in a double well potential configuration was studied intensively. In depth
nalysis of radial excitation patterns of positive and negative ions trapped simultaneously in different stability regions reveals sharp discrimination

n the extent of radial acceleration. SIMION simulations were done to probe several electric forces, which both positive and negative ions experience
uring radial excitation event. Axial component of radial dipolar excitation field was also analyzed. Distortion in radial ion trajectories during
adial excitation event was indicated when both ion polarities were excited simultaneously.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Fourier transform ion cyclotron resonance FT-ICR [1] mass
pectrometry is based on a 3D ion confinement by use of a
tatic homogeneous high magnetic field combined with an axial
uadrupolar electrostatic trapping potential. The ICR technique
oes not only provide the highest mass resolving power in the
orld of mass spectrometry, it also acts as a gas phase elec-

ronic reactor to study ion-molecule reactions [2–4] and ionic
ragmentation mechanisms, induced upon collisional activation
f kinetically accelerated ions. Several ion manipulations such
s mass-selective excitation/ejection, quadrupolar axialization

5–7] and ion transfer between adjacent compartments of the
CR cell were implemented.
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axial motion

Different ICR cell geometries were studied in the past [8–10].
uan and Marshall have written a review [11] of ion traps for
T-ICR mass spectrometry and they discussed the electric con-
gurations in a closed cubic and open cylindrical cell.

Although Penning traps [12,13] are able to produce the most
deal quadrupolar axial and radial potential forms, they are lim-
ted to the study of one ion polarity. Extending ICR capability
o trap both ion polarities simultaneously was achieved by use
f nested cells in a static electric field [14–17]. However, pre-
ious geometries of nested ICR cells, which are operated under
ouble well potential configuration, provided a main central sta-
ility region for one ion polarity inside the detection region and
wo terminal ion stability regions for the other polarity outside
nd near the detection region. This leads to discrimination in ion
etection between positive and negative ions.

Dynamic ion trapping was also implemented in closed cubic
18] and open cylindrical [19] geometries. However, the trap-
ing efficiency in axial direction depends on the m/z ratio in
he RF operation mode and the simultaneous trapping of pos-

tive and negative ions under RF electric field in ICR is only
ossible in a reduced mass window. Furthermore, simultaneous
adial excitation and detection of both ion polarities will induce
nfavourable noise in the detection circuit especially for large

mailto:kanawati@t-online.de
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ig. 1. 3D exploded view for the new ICR cell. The cell has five different regio
CR-tube (not shown here). Detection is possible only inside the region from B

ons if the RF-trapping field has to be dominant during the exci-
ation event. If no RF trapping field exists, only one ion polarity
an be radially excited and thus detected.

Although ion–ion electron transfer dissociation experiments
emain confined to RF Paul traps [20], antiproton–positron
ecombinations were implemented by Gabrielse et al. [21] in
CR. Electron capture dissociation (ECD), which implies recom-
ination of positive ions with low energy electrons in the gas
hase, discovered by Zubarev et al. [22], is another interesting
ubject, which could be achieved experimentally in the ICR cell.

In this paper, we introduce a new cell geometry, which is not
nly capable of trapping and detecting positive and negative ion
imultaneously, but it is also able to separate those ions radially
rom each other. The effective electric potential in this cell is
igher than that of traditional open cylindrical cell geometry at
he same applied voltage. Three ion stability regions exist inside
not outside and near) the region, where radial excitation and
etection can take place. This cell combines the advantages of
oth closed and open cell geometries. It has open tube electrodes,
hich allow for efficient pumping and make the cell compatible
ith external ionization sources. In comparison with the terminal

on stability regions, the axial component of the radial dipolar
lectric field is small especially in the central stability region.

The cell has several trapping electrodes with different shapes
hich allow for double well potential configuration to be applied

or simultaneous trapping and detection of both ion polarities.
eside intensive characterization of such a double well potential
onfiguration, new operation modes were developed to induce
xial ion–ion collisions, not only between different ion polari-
ies but also between same ion polarities (such as anion–anion
ollisions). These operation modes were studied theoretically
nd implemented experimentally. Discrimination in ion detec-
ion depending on the ion polarity was also observed in this new
ell geometry and is described.

. Experimental

For all experimental investigations a prototype FT-ICR spec-
rometer Bruker CMS 47X was employed, equipped with a 7 T

uperconducting magnet with 89 mm room temperature bore.

UHV system connected with two fine vacuum gas inlet
ystems at base pressures of 3 × 10−2 mbar was used. With
turbo molecular pump of 240 L/s pumping speed (Pfeiffer)

t
(
t
c

r trapping positive and negative ions, because the cell is located in a grounded
along C. VESPEL isolation plates are not shown for clarity.

onnected to a rotary pump the UHV-system could reach base
ressure of 1 × 10−9 mbar. The sample pressure was kept con-
tant at 2 × 10−7 mbar for experiments shown in Fig. 2 and at
× 10−6 mbar for experiments shown in Fig. 4 in Section 3.2.

The new ICR cell is described in detail elsewhere [23]. There-
ore here only a short description will be given. Fig. 1 shows a
D exploded view of the ICR cell. R1, R2 are two stainless steel
ube electrodes with an inner diameter of 10 mm and 2 mm wall
hickness. Each tube electrode is 20 mm long. S1 and S2 are
ide electrodes, which have a circular geometry with a hole of
4 mm inner diameter in the center of each in order to be com-
atible with the tube electrodes R1 and R2 mentioned above for
nstallation. Outer diameter of the side electrode is 44 mm. The
nner length of the ring electrodes between S1 and S2 is 60 mm.
he ring electrodes consist of eight stainless steel segments with
ach two segments wired together. This way, ion detection sen-
itivity and excitation electric field strength are increased and
he ICR cell runs at dipolar excitation and dipolar detection.
ESPEL isolation material (not shown for clarity) was used to

lectrically isolate the different neighbouring electrodes from
ach other. This material does not degas, when the UHV system
s heated to 250 ◦C during the pumping period to achieve lower
ressure values.

The inner diameter of the ICR-cell is 46 mm. The whole ICR
ell assembly is surrounded with a grounded stainless steel tube
ith an inner diameter of 82 mm. The convention 1/6/0/6/1 for

xample means that tube electrodes R1 and R2 are at +1 V each
nd the side electrodes S1 and S2 have +6 V each relative to the
rounded ring electrodes (eight segments), which are located in
he central region of the ICR cell. In this way, trapping of pos-
tive ions in the terminal regions A and E is not possible. This
s desirable, since ions trapped there cannot be detected. Fur-
hermore positive ions in regions A and E cannot be accelerated
oward the center of the ICR cell by pulsing different voltages on
oth tube electrodes R1 and R2 relative to the grounded eight
egments of ring electrodes within the potential range (−9 to
9) V, that can be controlled from the DAC card, which delivers
potential channel for each tube and side electrode.

Using the above-mentioned double hill potential configura-

ion, positive ions can be trapped only in the central region C
central trapping), while negative ions are trapped on both poten-
ial hills in regions B and D (terminal trapping). This potential
onfiguration has proven to be suitable for efficient detection of
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ig. 2. Signal intensity vs. tube potentials x in the potential configuration x/6/0
ith SF6

−, (C) SF6
− ions trapped alone and (D) SF6

− ions trapped simultaneo

oth polarities simultaneously, although it is not so efficient to
rovide high detection sensitivity toward negative ions trapped
n the terminal regions B and D, when positive ions are trapped
n the center simultaneously.

The experiments described in Section 3.1 were done with
ulfur hexafluoride. The base peak in the spectrum, SF5

+, was
uenched since the intention of the authors was to demonstrate
nteractions between ion polarities in the mixture (SF3

+/SF6
−).

Three experiments were done to produce the results shown
n Figs. 2 and 4 in Section 3.1.

In the first experiment, only SF3
+ ions were studied in the

entral region of the ICR cell with absence of other positive and
egative ions. Results are shown in diagram A of Figs. 2 and 4.
In the second experiment, only SF6
− ions were studied in

he terminal regions B and D of the cell. Results are shown in
iagram C in Figs. 2 and 4.

ig. 3. Axial potential curves in the potential configuration x/6/0/6/x, where
is the potential of each tube electrode R1 and R2. x values are shown

n the legend at the right side of the diagram. Axial segments are as fol-
ows: R1(50–70) mm, detection region between side electrodes S1 and S2
70–130) mm, R2(130–150) mm. Detection region is surrounded by a black
ectangle.
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t 2 × 10−7 mbar. (A) SF3
+ ions trapped alone, (B) SF3

+ ions trapped together
ith SF3

+ ions.

In the third experiment, both SF3
+ and SF6

− were trapped
nd detected simultaneously. Results are shown in diagrams B
nd D in Figs. 2 and 4.

All ions from SF6 molecules were trapped after the end of the
onization pulse at the static double hill potential configuration
/6/0/6/1 for 1 s to allow for axial collisional ion damping, before
F5

+ ions and other unwanted ions (if necessary) were radially
xcited for ejection.

1/6/0/6/1 characterizes the following potential configu-
ation: V(R1) = 1 V, V(S1) = 6 V, V(BCD) = 0 V, V(S2) = 6 V,
(R1) = 1 V. Radial ejection was done with on-resonance dipolar

adial excitation RF pulses.
After the end of ejection pulses, a DAC card, which controls

hat potential of tube electrodes R1 and R2 was externally trig-
ered by a pulse from the console to the DAC card installed
n a separate computer to allow for altering the tube potentials
rom +1 V to the value x for just a fixed duration of 1 ms before
etting back the tube potentials to +1 V again at R1 and R2
lectrodes.

After the end of this DAC interference on both tube elec-
rodes, an additional 100 ms delay time was allowed before all
ons were radially excited for detection in the static potential
onfiguration 1/6/0/6/1.

An automation program was written for the Aspect com-
uter to control the experimental events inside the ICR cell.
he logical sequence of this program is as follows.

The ionization electron beam duration was 25 ms for exper-
ments shown in Fig. 4 (2 × 10−6 mbar) and 200 ms for
xperiments shown in Fig. 2 (2 × 10−7 mbar). The kinetic energy
f electrons was 70 eV. Electrons were gated using a triggered
ate located between the filament and the ICR cell. The gate
otential was set up to be −60 V during the ionization pulse to

llow electrons to be accelerated with +10 eV toward the gate and
hen pass to the ICR cell, while the gate potential was −109 V in
he closed mode. This kind of experiment is called “single shot”
xperiment.
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Fig. 4. Dependence of ion signal intensities on the potential value of each tube electrode along the potential configuration x/6/0/6/x at 2 × 10−6 mbar. (A) SF + ions
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+ ions trapped together with SF6

− simultaneously, (C) SF
n Fig. 2.

The distance between the electron gate and the terminal tube
f the ICR cell is 70 mm. This was sufficient to eliminate any
nterference of external electric fields generated from the gate
tself on the potential configuration set up inside the ICR cell.
hus no gate influence exists on ion trajectories inside the ICR
ell.

. Results and discussion

.1. Axial motion of the ions

.1.1. Axial single shot experiments run at different
oltages of tube electrodes in the mixture (SF3

+/SF6
−) in

nitial potential configuration 1/6/0/6/1
In the double hill potential configuration 1/6/0/6/1 SF3

+ and
F6

− ions were trapped (as discussed above) and detected simul-
aneously. SF5

+ ions (the base peak in EI spectrum of SF6 gas)
as quenched using one radial on resonance single shot pulse

riggered directly after a post-ionisation delay time of 1 s. This
ost-ionisation delay time was set up deliberately to ensure that
ollisional damping of both positive and negative ions took place
o that each ion polarity relaxed in its corresponding stability
egion.

After the end of the radial ejection pulse, the potential of
ach tube electrode R1 and R2 was varied to a value of x V
n both tube electrodes simultaneously for 1 ms duration,
efore the potential configuration was then set back to 1/6/0/6/1
gain. Thus the progression of potential parameters is as
ollows:
The SIMION simulations described below, show the possi-
ility of spatial anion exchange and positive/negative ion–ion
ollision inside the ICR cell using the potential change scheme
or one time (axial single shot).

T
w
H
h

3

ns trapped alone and (D) SF6
− ions trapped simultaneously with SF3

+ ions, as

Fig. 2 shows signal intensity dependences of positive and
egative ions trapped in different regions in the ICR cell as a
unction of the potential x of each tube electrode in the poten-
ial configuration x/6/0/6/x at a pressure of 2 × 10−7 mbar. As
hown in diagrams A and B, no difference of SF3

+ behaviour
an be noticed. Central SF3

+ ions remain trapped in the ICR
ell even if the potential of each tube electrode is set to −9 V.
his is due to the presence of a very flat potential well in central

egion C of the cell, which is capable to trap all SF3
+ ions gen-

rated as fragments ions from electron impact ionisation of SF6
eutrals.

On the other hand, a sharp drop in SF6
− signal intensity is

xperimentally observed for x potentials above +3 V, regardless
f the fact, whether SF3

+ ions were simultaneously trapped or
ot (see diagrams C and D in Fig. 2). This is due to the outward
irected force, which arises from the potential change: from
he initial configuration 1/6/0/6/1 to the transit configuration
/6/0/6/x for x > +3 V on both tube electrodes (as shown Fig. 3).
his force applies on the terminal SF6

− ions trapped in regions
and D and attracts them to the outer electrodes. The terminal

otential maxima shift in the same direction. Details will be
iscussed in the simulations shown later.

However, SF6
− ions could still be detected for x > +3 V, since

erminal potential hills still exist in the extreme terminal regions
and E. In regions A and E detection is not possible, because

nly the ring electrode BCD is connected to the detector. That
F6

− can still be detected is explained as follows: electric poten-
ial hills exist even for tube electrode potentials x > 3 V, since the
CR cell is surrounded by a grounded ICR vacuum tube. Thus,
otentials outside the ICR cell tend to reach 0 V along the z-axis.

his establishes symmetrical double hill potential configuration,
here negative ions vibrate in the terminal regions A and E.
owever, those negative ions with higher translational energies
ave higher trapping amplitudes and they spend greater times
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t both reversal points of axial vibrations. One of these reversal
oints is located inside the detection terminal regions B and D,
nd this justifies detection of some SF6

− ions for x > +3 V.
From Fig. 2, no evidence for ion–ion collisions can be

educed. However, running the same experiments at a higher
ressure (2 × 10−6 mbar), shows the influence of SF6

− ion spa-
ial exchange on the observed signal intensity of SF3

+ in the
otential range −9 < x < +9 V in the transit potential configura-
ion x/6/0/6/x (Fig. 4). Fig. 4 shows a remarkable drop in the
ignal intensity of SF6

− ions for x > +3 V, regardless of whether
F3

+ ions were also trapped in the central region or not. This was
lso observed before in Fig. 2. Shifts of terminal anion stability
egions of the double hill potential curve toward the outer sides
f the ICR cell are responsible for this observation.

On the other hand, we realize from the experiments run at
igher pressure (2 × 10−6 mbar in Fig. 4), that there is a notice-
ble drop in the signal intensity of SF3

+ ions too, when SF6
−

ons are trapped simultaneously at anion spatial exchange con-
itions (x < −4 V). This indicates ion–ion collisions between
xially excited SF6

− ions and central SF3
+ ions. It should be

mphasized, that SF3
+ ions are stable for x values in the range

−4 > x > −9) V at the same pressure, when SF6
− ions are absent

diagram A in Fig. 4). This indicates the existence of a central
tability region for positive ions even at high negative tube poten-
ials. Thus, the noticeable drop in the signal intensity of SF3

+

ith the presence of axially excited SF6
− for x < −4 V in dia-

ram B of Fig. 4 is an experimental evidence of the SF6
− ion

nfluence on SF3
+ ions during ion-ion collisions. The exper-

ments shown in Fig. 4 show the role of a high pressure in
ncreasing ion densities of both polarities and thus increasing
he collision probability.

As the pressure increases from 2 × 10−7 to 2 × 10−6 mbar,
F6

− ion signal intensity increases from 100 to over 160, while
F3

+ ion signal intensity decreases from 340 to 220 units, if each
on polarity is trapped alone (with the absence of the other ion
olarity). It should be mentioned, that the ionisation pulse dura-
ion was 25 ms at 2 × 10−6 mbar and 200 ms at 2 × 10−7 mbar.

However, the noticeable decrease in the ion signal intensity
f SF3

+ (in the absence of SF6
−) as the pressure increases indi-

ates oversaturation in positive ion concentrations in the central
tability region (ion–ion columbic repulsion) in addition to the
ole of the outward directed radial electric field, which applies
n positive ions trapped in the central region (see below).

Fig. 5 shows the maximum effective potential in region B of
he ICR cell as a function of the potential of each tube electrode
1 and R2 in the potential configuration x/6/0/6/x. From Fig. 5

t is clear that the effective local potential maximum does not
ise linearly, but exponentially as a function of the potential of
ach tube electrode x.

Within the potential transition from 1/6/0/6/1 to 9/6/0/6/9
F6

− ions can gain up to 6.7 eV kinetic energy in the outward
irected acceleration accompanied with this potential change.
n the other hand, a potential transition from the initial config-

ration 1/6/0/6/1 to −9/6/0/6/−9 accelerates terminal negative
ons toward the center of the ICR cell with a kinetic energy of
.7 eV only, if no collisions between the accelerated ions and
eutrals are to be considered.

h
a
m
c

ial configuration x/6/0/6/x as a function of applied potentials x on both tube
lectrodes R1 and R2. Well depth values in the central region C of the ICR cell
re also shown.

Let us explain, why do SF6
− ions still remain trapped

nside the cell, even if they are inward-accelerated axially
y the potential change from initial configuration 1/6/0/6/1
o −9/6/0/6/−9.

The maximum kinetic energy gain for terminal axially accel-
rated SF6

− ions toward the center of the cell without collision
ffects is low (1.7 eV) as seen from Fig. 5 previously. The poten-
ial configuration −9/6/0/6/−9 shown in Fig. 3 reveals an energy
arrier of 8.4 eV between the local minimum potential well at
= 60 mm and its corresponding local maximum at Z = 87.5 mm.
his high potential barrier could not be overcome by axially
ccelerated SF6

− ions, which have maximum kinetic energy
f just 1.7 eV. The effective kinetic energy acquired by termi-
al negative ions during axial acceleration is even lower than
.7 eV due to high collision frequencies with SF6 neutrals at
igh pressures. This justifies why SF6

− ion loss has not been
xperimentally observed even at low tube potential values of
9 V in the transit potential configuration x/6/0/6/x. Thus, this

trategy of potential change of both tube electrodes accelerates
erminal SF6

− ions toward the cell center and leads to a spatial
nion exchange without axial ejection of negative ions out of the
CR cell.

The electron affinity of SF6 is just 1.1 eV. The potential
hange described above provides 1.7 eV more kinetic energy
o the initially thermal terminal SF6

− ions. The accelerated
F6

− ions have energies above threshold and could loose an
lectron and produce a noticeable loss in the signal intensity of
F6

− ions. This was not observed. In addition, no fragment ions
such as SF5

−) were observed due to this axial acceleration. This
ndicates only little energy transfer.

The nonlinearity of effective local maximum potential shown
n Fig. 5 is due to the applied potential value (+6 V) of each
ide electrode S1 and S2. However the curve shown in Fig. 5
ould be approximated by two linear segments. The first segment

as a slope of 1 and runs from x = 3 to x = 9 V, all potentials
bove x = +3 V applied on both tube electrodes potentials, cause
axima in the terminal stability regions, where negative ions

an be trapped.
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ig. 6. Position of the left local maximum of the potential hill as a function of
ube’s potential x. At z = 100 mm there is a potential minimum.

The second segment covers the x range −9 to 0 V. Note that in
his region potential maxima still exist even though the applied
otential on each tube electrode reaches −9 V. This illustrates
he role of side electrode potentials (+6 V), which have a great
nfluence on establishing double hill configuration near the cell
enter. This still provides flat central stability region for trapping
ositive ions in the center of the ICR cell even for x = −9 V as
hown in Fig. 3 before. Central well depth values are also shown
n Fig. 5.

Fig. 6 shows the shift of potential maximum as a function
f the applied potential x on each tube electrode. Local poten-
ial maximum of each potential hill shifts in the configuration
/6/0/6/x outward as x increases. This increases the distance
etween the two potential hills (as shown in Fig. 7) and thus
rap negative ions more far away from the cell center. However,
he curves shown in Figs. 6 and 7 are not linear. There is a point
f inflection located between x = 3 and x = 4 V. Within this x
ransition, the sharp drop in the signal intensity of SF6

− (Fig. 2)
ould also be experimentally observed.

So what happens in this narrow potential range? A strong
hift in the local potential maximum of each potential hill out
f the cell center accelerates the terminal negative ions axially

utwards. By readjusting the potential of each tube electrode to
eturn back from the transit configuration x/6/0/6/x (for x > 3) to
/6/0/6/1 (as done in the experiments shown previously in Fig. 2)

ig. 7. Distance (mm) between the two potential hills in the double hill potential
onfiguration x/6/0/6/x vs. x.

b
−

c
t
p
a
(

a
a
t
t
x
f

3

p
t

ig. 8. Axial potential course in x/6/0/6/x potential configurations with x from
to +4 V.

he terminal negative ions, that were previously accelerated axi-
lly outwards gain a large acceleration magnitude toward the
ell center. The translational energy of some negative ions along
he z-axis (for applied tube potentials above x = 3 V) exceed the
otential barrier in 1/6/0/6/1 at both terminal potential hills and
hey are ejected.

The loss of SF6
− ions was experimentally observed at all

values higher than +3 V in Fig. 2. This corresponds to high
hifts in the distance between the two terminal potential hills
vailable as shown in Fig. 7. However, negative ions can be
xially accelerated to outer regions during the potential change
rom 1/6/0/6/1 to x/6/0/6/x for x = 2 V and 3 V more than just
ndicated from the position of their corresponding potential hill

axima shown for x = 2 V and x = 3 V in Fig. 7 previously. An
xial potential plot in x/6/0/6/x for x = 0 V to +4 V is shown in
ig. 8. This shows the reason, of using 1/6/0/6/1 and not 0/6/0/6/0
s an initial potential configuration for this study. The potential
onfiguration 0/6/0/6/0 can trap positive ions in terminal regions

and E inside the tube electrodes, where no radial excitation
nd detection are possible. Furthermore, positive ions trapped
n these extreme terminal regions cannot be extracted inwards
oward the cell center, by applying whatever potential values on
oth tube electrodes R1 and R2 in the DAC potential range (from
9 to +9 V).
In order to avoid this problem, we have decided to use the

onfiguration 1/6/0/6/1 as initial potential configuration. With
his configuration, all positive ions generated directly from the
ulsed electron beam outside the double potential hills are
ccelerated axially outwards and thus ejected from the cell
Fig. 8).

Negative ions in the transit potential configuration 2/6/0/6/2
re trapped at sharp unsymmetrical terminal potential hills. This
symmetry changes to form a shoulder, as the potential of each
ube increases from +2 to +3 V. The large shift in the local poten-
ial maximum of the left hill along the transition from x = 3 to
= 4 V shown previously in Fig. 6 is due to the unsymmetrical

orm shown in Fig. 8.
.1.2. SIMION calculations
Fig. 9 shows four trajectory calculations run by SIMION [24]

rogram for 25 positive and 25 negative ion clouds trapped in
he initial double hill potential configuration 1/6/0/6/1 for the
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from 1/6/0/6/1 to x/6/0/6/x for x > +1 V on both terminal potential
hills. This was also shown in Fig. 9 as trajectory simulations
for the cases x = 2, 3, 4, and 9 V in diagrams A, B, C and D,
respectively. The existence of potential shoulders in the curves
ig. 9. SIMION simulations of 25 positive and 25 negative ion clouds at total co
otential change from 1/6/0/6/1 to x/6/0/6/x. (A) x = 2 V, (B) x = 3 V, (C) x = 4 V
rapped on both terminal stability regions. All simulated positive ions are m/z =
30 mm.

rst 15 ms. The potential of each tube electrode is changed (in
hase) to x V exactly at TOF = 15 ms for just 1 ms duration. After
hat time, the potential of each tube is set up back (in phase) to
1 V. These simulations consider total columbic repulsion of
× 10−16 C and collision damping constant of 1 × 10−3.

As indicated from Fig. 9(B), the potential change from
/6/0/6/1 to 3/6/0/6/3 does not accelerate negative ions more
han a few millimetres outward toward local potential maximum
f the right potential hill at z = 126.5 mm (Fig. 8). This poten-
ial change increases the trapping amplitude of negative ions
p to 145 mm on the left side (compare diagram B with dia-
rams A and C in Fig. 9). The outward directed gain in trapping
mplitudes of accelerated terminal negative ions during potential
hange from 1/6/0/6/1 to x/6/0/6/x (with x > +1 V) is not linear as
function of the potential x of each tube electrode. This is also

pparent when we compare diagrams A with B and C in Fig. 9.
urthermore negative ion trajectories are in different axial direc-

ions if we compare the forward potential change from x = +1 to
igher potential values with the backward potential change from
igh potential values (>+1 V) to x = +1 V.

Higher transit potentials such as x = 9 V cause loss of negative
ons. This was also observed experimentally before. Semiquan-
itative view concerning this negative ion loss can be discerned

rom the simulation in Fig. 9D and is shown in Fig. 10. Note that
egative ion loss is not caused by the forward transition from
= +1 to x = +9 V but by the backward transition from x = +9 to
= +1 V.

F
a
+
r

c repulsion of 2 × 10 C and collisional damping constant of 1 × 10 during
D) x = 9 V. Positive ions are confined in the cell center, while negative ions are
nd all negative ions are m/z = 146. Detection region is located between 70 and

Fig. 11 shows the nonlinearity in the degree of outward axial
cceleration of terminal negative ions (represented as relative
xial amplitude gains) during the forward potential transition
ig. 10. Sudden negative ion loss (�) within the simulation shown in Fig. 9D
s a result of a triggered (in phase) potential change of each tube electrode from
1 to +9 V at TOF = 15 ms for 1 ms duration. Number of positive ion clouds (�)
emains unchanged.
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Fig. 11. Increase of axial trapping amplitude of terminal negative ions out of the
cell relative to the trapping amplitude of negative ions at 1/6/0/6/1 as a function
of the potential x of each tube electrode during the forward potential transition
f
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inwards-accelerated anions and stable central cations. It is the

F
d
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rom 1/6/0/6/1 to x/6/0/6/x with x > +1 V. Fifth order trend lines connect the
oints.

orresponding to x = +2 and x = +3 V in Fig. 8 are responsible
or this nonlinearity.

Fig. 12 shows inward axial anion acceleration during poten-
ial transition from 1/6/0/6/1 to x/6/0/6/x for x = −3, −4, −5,
nd −9 in diagrams A, B, C, and D, respectively. Inward axial
otion of terminal negative ions is seen within time of flight

ange of 15–16 ms, where the corresponding transit potential

onfiguration x/6/0/6/x applies. As shown from Fig. 12, no axial
nion exchange occurs for transit potentials x > = −3 V of each
ube electrode. However, even at x = −9 V, accelerated negative

k
d
c

ig. 12. SIMION simulations of 25 positive and 25 negative ion clouds at total colu
uring potential change from 1/6/0/6/1 to x/6/0/6/x. (A) x = −3 V, (B) x = −4 V, (C)
egative ions are trapped on both terminal stability regions. All simulated positive ions
al of Mass Spectrometry 269 (2008) 12–23 19

ons do not escape the cell axially after the end of the pulse at
OF = 16 ms as shown in diagram D in Fig. 12.

If we compare diagram D in Fig. 12 with diagram D in Fig. 9,
e notice from the simulations, that axial kinetic energy gain for

he case shown in diagram D in Fig. 12 is much lower than that
n diagram D in Fig. 9 regardless of the fact that the acceleration
irection between the two cases is opposite relative to each other.
his difference in kinetic energy gain is due to the nonlinearity
hown in Fig. 5 discussed above. Thus lower kinetic energy
ain for terminal negative ions prevails even at very low tube
otentials x = −9 V illustrated in diagram D in Fig. 12 during the
otential transition from 1/6/0/6/1 to −9/6/0/6/−9. This ensures
xial anion exchange and thus ion–ion collisions between central
ositive ions and inward-accelerated anions, without ejecting
ccelerated negative ions from the other side of the ICR cell. It
hould also be noted from the simulations, that this operation
ode establishes anion–anion collisions too.
For x = −4 V and −5 V the simulations shown in diagrams B

nd C in Fig. 12, respectively, show positive-negative ion–ion
xial contact. However, at these transit potentials, no noticeable
rop in the signal intensity of SF3

+ ions could be observed.
his indicates, that SF3

+ partial ion loss observed in Fig. 4
or lower transit potentials x < −5 V is not due to ion–ion
eutralization reaction, but due to ion–ion collision between
inetic energy of the axially accelerated negative ions which
etermine, whether positive ions can still remain in their flat
entral stability region or not.

mbic repulsion of 2 × 10−16 C and collisional damping constant of 1 × 10−3

x = −5 V and (D) x = −9 V. Positive ions are confined in the cell center, while
are m/z = 127 and all negative ions are m/z = 146. Detection region 70–130 mm.
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On the other hand, it should also be noted that SIMION sim-
lations are not able to include ion–ion interaction such as SF3

+

xial ion ejection observed experimentally in diagram B in Fig. 4
t transit potentials x < −5 V. This is due to the fact, that SIMION
alculates fields using Laplace equation and not the more gen-
ral Poisson equation. Although this program supports a number
f charge repulsion estimates, here attractive interactions are
iscussed.

Thus we support the idea of partial axial positive ion ejection
s the inwards-accelerated negative ions gain more transla-
ion energy along the z-axis, during the potential change from
/6/9/6/1 to x/6/0/6/x for x < −5 V. This has been proven exper-
mentally as indicated in diagram B in Fig. 4.

.2. SIMION calculations of radial excitation pattern
ithin the final potential configuration 1/6/0/6/1 and axial
omponent of the radial excitation electric field

In all experiments done and shown in Section 3.1.1 pre-
iously, positive and negative ions were initially trapped in
/6/0/6/1. A pulse of 1 ms duration was triggered to change the
otential of each tube (in phase) from +1 to x V. After the end
f this pulse, the potential of each tube was set up back to +1 V
imultaneously. Now, a delay time of 100 ms duration allows for
on cooling through collision damping before a radial excitation
ulse for detection was finally triggered. Thus, positive and neg-
tive ions were excited simultaneously for detection within the
otential configuration 1/6/0/6/1. As a consequence, all simula-

ions discussed later in this section will cover radial excitation
vents in the potential configuration 1/6/0/6/1.

Fig. 13 reveals a sharp discrimination of ion detection
etween central positive and terminal negative ions, as indi-

ig. 13. SIMION simulation in the radial xy plane of positive (larger cyclotron
adius) m/z = 89 and negative (smaller cyclotron radius) m/z = 146 ions after the
nd of radial excitation pulse for an additional 900 �s time of flight, during which
on collisional relaxation takes place (damping constant = 1 × 10−4). Attenua-
ion level of 0 db (150.8Vp–p) for the radial excitation dipolar electric field was
sed. Sampling rate = 100 MHz.
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yclotron frequency of the simulated negative ions (with m/z = 146). Damping
onstant of 1 × 10−4 was used within this simulation. Radial excitation pulse
uration = 100 �s.

ated with cyclotron radii differences after the end of a radial
xcitation pulse. Within this simulation, positive and negative
ons underwent collisional cooling for the first 15 ms after ion
eneration, before a dipolar radial excitation pulse was triggered
rom the transmitter segments of the ring electrodes in resonance
ith the cyclotron frequency of SF3

+ and SF6
− (signal of two

ombined sine waves) for a duration of 100 �s.
The simulation was run for an additional 900 �s of time after

he end of the dipolar excitation pulse to allow for collisional
elaxation to be observed. m/z values of SF3

+ and SF6
− were

sed for the simulation. The ion polarities differ from each other
ot only in their final cyclotron radii at the end of the excitation
ulse, but they differ also in their degree of relaxation within the
ame post excitation time interval (900 �s). So the amount of
yclotron radius decrease of central positive ion after the end of
he radial excitation pulse is higher than that of terminal SF6

−
ons. Radial ion discrimination is discussed in detail elsewhere
23].

Fig. 14 shows the shift of maximum trapping amplitude of
wo terminal negative ions after the trigger of the radial excita-
ion pulse as a function of attenuation level of the radial dipolar
xcitation pulse. The peak to peak voltage of the radial excita-
ion pulse is related to the attenuation level (XA) by the equation:
p–p = 150.77 exp(−0.1334XA). These axial shifts were calcu-

ated relative to the maximum normal z-amplitudes of these two
erminal negative ions (m/z = 146), when no radial excitation
ulse was applied.

It is clear to see from Fig. 14, that the shift of maximum axial
mplitude of terminal negative ions is not dominant in a specific
trength range of the radial excitation electric field. However,
his shift is more intensive below 5 db (above 77.4Vp–p), where
egative ion radius becomes high enough to escape the axial
nterfering electric field of the terminal tubes (with radius of
mm) and to enter a new axial electric field of the terminal side
lectrodes (r > 5 mm).

Ions with different polarities can be accelerated differently

n radial direction by the dipolar radial excitation electric field.
o study these differences in ion radial acceleration, one central
ositive ion m/z = 89 and one terminal negative ion m/z = 146
ere simulated in the potential configuration 1/6/0/6/1 at damp-
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No potential change of tube’s electrodes or side electrodes was
done during this simulation, so that only 1/6/0/6/1 static potential
configuration was dominant. No ion repulsion estimations were
ig. 15. Radial acceleration component in y direction (mm/�s2) of positive SF3

f time in the applied potential configuration 1/6/0/6/1. For details about simul
, respectively.

ng constant of 1 × 10−4. Thermally initiated positive and
egative ions (kinetic energy = 4 × 10−2 eV along the z-axis)
ere let to cool down axially for just 1000 �s before a radial
xcitation pulse with attenuation level of 0 db was triggered
nly for 100 �s. After this duration, ions were observed in
heir collisional relaxation period between 1100 and 2000 �s.

ig. 16. Kinetic energy as a function of time for central positive (SF3
+) and

erminal negative SF6
− ions in the potential configuration 1/6/0/6/1.

u

F
t

(diagrams A and B) and negative SF6
− ions (diagrams C and D) as a function

parameters see text. Diagrams B and D are enlarged views of diagrams A and
sed.

ig. 17. Axial component of acceleration (mm/�s2) for central positive and
erminal negative ions as a function of time.
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After the end of the radial excitation pulse, the central posi-
ive ion radial acceleration is 1150 mm/�s2, while the terminal
egative ion gains 150 mm/�s2 only. Thus, terminal negative
ons can be accelerated by just 13% relative to the radial accel-
ration amount of central positive ions. Furthermore, there is a
oticeable nonlinearity in the time dependent radial acceleration
omponent of terminal negative ion (compare diagrams D with
in Fig. 15).
The difference in radial acceleration magnitude of positive

nd negative ions, trapped in different stability regions has a
trong effect on the post-excitation total kinetic energy gain as
hown in Fig. 16. As central positive ion can be accelerated to
0.5 keV (at relatively high damping constant of 1 × 10−4 and
omogeneous magnetic field of 7 T) using radial excitation pulse

f 150.8Vp–p (0 db), terminal negative ion can only gain 820 eV
f kinetic energy at the same conditions.

On the other hand, radial energy dissipation is dominant in
oth ion polarities, since an axial acceleration component exists

a

t
d

ig. 18. Enlarged radial xy-views of positive and negative ions during radial excita
esonance RF-frequency for negative ions was transmitted). (B) Radial excitation of
imultaneous excitation of both ion polarities SF3+ and SF6−. (C) Pure radial excita
or positive ions was transmitted). (D) Radial excitation of the same terminal negativ
f both ion polarities SF3

+ and SF6
−.
al of Mass Spectrometry 269 (2008) 12–23

uring radial excitation event (Fig. 17). However, axial accel-
ration component is greater in negative ion case and this also
ontributes to the limitation applied on the increase of negative
on’s cyclotron radius during radial excitation in comparison
ith that of central positive ion. Fig. 17 reveals more useful

nformation. The axial acceleration component of the central
ositive ion decreases in frequency and magnitude after radial
xcitation. On the other hand, axial component of acceleration
ncreases in frequency and magnitude in the case of a negative
on trapped in a terminal stability region at the same conditions.
he noticeable decrease in the frequency and magnitude of the
xial component of acceleration of central positive ion indicates
lower effective trapping electric field at the specified cyclotron

adius, that the positive ion reaches after radial acceleration (with

ttenuation level of 0 db in this case).

We notice in case of SF3
+ radial excitation a small perturba-

ion in the axial acceleration component of central positive ion
uring radial excitation event (Fig. 17), although the equipoten-

tion. (A) Pure radial excitation of one central positive ion at m/z = 89 (no on
the same central positive ion, but with a combined RF cyclotron frequency for
tion of one terminal negative ion at m/z = 146 (no on resonance RF-frequency
e ion, but with a combined RF cyclotron frequency for simultaneous excitation
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ial lines (not shown) of radial excitation electric field at 0 db
re nearly parallel to each other in the central region of the ICR
ell. This perturbation is due to the influence of the second RF-
requency triggered to excite negative ions simultaneously with
ositive ions. Fig. 18 illustrates the net effect of the distortion of
on trajectories during radial ion excitation of both ion polari-
ies. The co-transmission of another cyclotron frequency during
imultaneous excitation of both SF3

+ and SF6
− influences ion

rajectories of both ion polarities. However, the influence of
ransmitting resonant RF-frequency for exciting SF6

− together
ith SF3

+ on the ion trajectory of SF3
+ is greater than the influ-

nce of transmitting resonant RF-frequency for exciting SF3
+

ogether with SF6
− on the ion trajectory of SF6

− (compare
iagrams A and B relative to diagrams C and D in Fig. 18).

Furthermore, the increase of cyclotron radius of terminal
F6

− ion is nonlinear in both cases C and D as a function of time.
his is due to the nonlinearity in the increase of the radial accel-
ration component in the terminal stability regions as shown
reviously in Fig. 15.

. Conclusion

Both positive and negative ions can be trapped and detected
imultaneously in a static double hill potential configuration in
his new ICR cell. Axial potential distributions reveal asymmet-
ic terminal stability regions relative to a symmetrical central
egion. Anion–anion spatial exchange could be achieved by
new operation mode, which implies changing the potential

f each tube electrode in a specific potential range. Sin-
le axial pulse experiments described in this paper delivered
xperimental evidence of ion–ion interactions. SIMION simu-
ations also imply that anion–anion collisions are possible. The
xial component of the radial excitation electric field exists in
he terminal stability regions and plays a role in dissipating
inetic energy during radial excitation. A sharp discrimina-
ion in radial dipolar excitation between positive and negative
ons is shown. In depth analysis of ion dynamics and electric

otential distribution patterns provides explanations to the obser-
ations. Distortion in radial ion trajectories could be noticed
hen both ion polarities were excited simultaneously in radial
irection.
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