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Characterization of a new open cylindrical ion cyclotron resonance cell

with unusual geometry
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A new cylindrical ion cyclotron resonance cell with electrodes of different diameters is
characterized. It consists of a central segmented electrode for ion trapping and detection and two
planar trapping electrodes with a center bore, to which two small tube electrodes are fitted. The cell
can trap either positive or negative ions or both ion polarities in the center region. For trapping both
ion polarities, an unsymmetrical double well potential can be generated. lons generated from SF¢ by
electron impact or electron attachment are investigated. In depth analysis of radial excitation
patterns of positive and negative ions trapped simultaneously in different stability regions reveals
sharp discrimination in the extent of radial acceleration. SIMION simulations of the radial excitation
show different trajectories of positive and negative ions. Axial component of radial dipolar
excitation field exists in the terminal stability regions. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2751100]

I. INTRODUCTION

Ion cyclotron resonance’ (ICR) cells with different ge-
ometries were designed and tested by several authors.”™ A
review of these designs is available in the literature.” Each
ICR cell geometry has characteristic features and problems
to be overcome in order to achieve important objectives such
as high resolution, high dynamic range and signal/noise ra-
tio, and high trapping effectivity at high pressures, in addi-
tion to the capability of trapping and detecting positive and
negative ions simultaneously.

Although Penning traps6’7 with hyperbolical electrodes
are able to produce the most ideal quadrupolar axial and
radial potential forms, they are limited to the study of one
ion polarity. Expanding this limit to trap both positive and
negative ions requires more complex cell geometries such as
five section cylindrical ICR cells. Open multisection cylin-
drical ICR cells are favored over closed ones, since they
have a minimal axial component of ion acceleration during
dipolar radial excitation event. In addition, they are capable
of reaching lower pressures, since open geometries do not
hinder pumping and facilitate faster particle removal out of
the cell. Open cell geometries are also compatible with ex-
ternal ion sources such as electrospray ionization and laser
ion sources. On the other hand, the quadrupolar approxima-
tion of these geometries is only valid in a very narrow region
in the center of the ICR cell. Beyond this region, there is an
axial anharmonicity of ion motion, which causes cyclotron
frequency to depend on the axial trapping amplitude of ions.
Although correction rings were designed and implemented8
to prevent this dependence, there is a constant trend to design
and probe new ICR cells for new purposes. At the same
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applied voltage, the potential values on open cylindrical ICR
cells are lower and mass resolution is lower, in general, than
in a classical closed cylindrical ICR cell.

Gabrielse et al.” have studied the possibility of simulta-
neous trapping of antiprotons and positrons and their recom-
bination reactions in a nested ion trap. They emphasized the
role of three body collisions in increasing the calculated rate
for antihydrogen production starting from one antiproton and
two positrons. Electron capture dissociation (ECD), which
implies recombination of positive ions with low energy elec-
trons in the gas phase, discovered by Zubarev et al,' is
another interesting subject which could be achieved experi-
mentally in the ICR cell. However, ion-ion electron transfer
dissociation (ETD) in the gas phase has been studied in rf
Paul traps only until now.'"!?

This article describes a new cell geometry which shares
some benefits of both closed and open cylindrical geom-
etries. The effective trapping potentials are higher than those
achieved in normal open cylindrical cells at the same applied
voltage, although it has an open geometry. This open geom-
etry makes this cell compatible with external ion sources.
Several electrodes are available to establish double well po-
tential configuration to trap and detect both ion polarities
simultaneously. Simultaneous trapping of both ion polarities
could be achieved by several cell geometriesnf15 in the past.

The double well potential configuration of the new ICR
cell was characterized experimentally and theoretically by
SIMION'® calculations. Discrimination in ion detection de-
pending on the ion polarity was also observed in this new
cell geometry and examined in detail.

It is interesting to see what kind of double well potential
configurations can be implemented in this new ICR cell and
what kind of radial potential patterns are available at differ-
ent stability regions along the z axis.

© 2007 American Institute of Physics
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Il. EXPERIMENT

The experiments were done with the prototype Fourier
transform (FT) ICR spectrometer CMS 47 (Bruker Daltonik,
Bremen), equipped with a 7 T superconducting magnet. A
simple UHV manifold was pumped with a turbomolecular
pump (Pfeiffer, Wetzlar, TPU 240). The base pressure was
below 10~ mbar. Two inlet systems at a base pressure of 2
X 1072 mbar were connected to the UHV system by Varian
leak valves. For the experiments several digital-to-analog
converter (DAC) cards, controlled by personal computers
(PCs), were added and triggered by the main computer As-
pect 3000 of the spectrometer. In this way the pulse se-
quences necessary for the experiments were generated. dc
voltages between +9 and —9 V were applied. rf pulses were
generated by an arbitrary wave form generator.

The experiments described in Sec. III were done with
sulfur hexafluoride. Positive ions were generated by electron
impact at 70 eV electron energy, and negative ions by attach-
ment of thermalized electrons. Electrons were gated using a
triggered gate located between the filament and the ICR cell.
The gate potential was set up to be —60 V during the ioniza-
tion pulse while the gate potential was —109 V in the closed
mode. The duration of the ionizing electron beam was 20 ms
for trapping effectivity experiments (2X 10~ mbar) and
200 ms for radial excitation experiments (2 X 10~ mbar).
The distance between the electron gate and the terminal tube
of the ICR cell is 70 mm. This was sufficient to eliminate
any interference of external electric fields generated from the
gate itself on the potential configuration set up inside the
ICR cell. Thus no gate influence exists on ion trajectories
inside the ICR cell.

Trapping efficiency test was done under 2 X 107® mbar
in the potential configurations 1/6/0/6/1 and —-3/3/0/3/
-3 for 15 s, whereby both ion polarities (SF;* and SF,")
were trapped simultaneously in each potential configuration.
In 1/6/0/6/1 both side electrodes were kept at +6 V and
both terminal tube electrodes were kept at +1 V during the
whole experiment. In —3/3/0/3/-3 both side electrodes
were kept at +3 V and both terminal tube electrodes were
kept at =3 V during the whole acquisition. All segments of
the central ring electrode were grounded.

An automation program was written for the Aspect com-
puter to control the experimental events inside the ICR cell.
For experiments, that show signal intensity dependence on
radial excitation level parameter XA in decibel, no ions were
ejected after the end of ionization pulse. Thus, SF;" signal as
base peak was produced and is shown in Fig. 10.

lll. RESULTS AND DISCUSSION
A. Description of the new ICR cell

Figure 1 shows the yz-midplane view of the new cell
geometry. R1 and R2 are two stainless steel tube electrodes
with an inner diameter of 10 mm and 2 mm wall thickness.
Each tube electrode is 20 mm long. S1 and S2 are side elec-
trodes, made from 2.5 mm thick material, which have a cir-
cular geometry with a hole of 14 mm inner diameter in the
center of each in order to be compatible with the tube elec-
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FIG. 1. Two-dimensional (2D) (yz) view for the new ICR cell. Ion detection
is possible inside the region BCD.

trodes R1 and R2 mentioned above for installation. The outer
diameter of the side electrode is 44 mm.

The inner length of the ring electrode between S1 and S2
is 60 mm, and the inner diameter is 46 mm. The ring elec-
trode consists of eight stainless steel segments. Each segment
electrode of the eight segments is 1 mm thick. The distance
between two neighboring segments in the eight segmented
central electrode is 0.5 mm. Although quadrupolar radial ion
excitation can be achieved by use of four segmented central
electrode,'” the central electrode in our ICR cell was origi-
nally segmented into eight segments to make the cell flexible
in running quadrupolar radial excitation, without the need to
switch two segments between excitation and detection cir-
cuits. In experiments described in this article, each two
neighboring segments are wired together to allow for dipolar
excitation and detection. In this way, ion detection sensitivity
and excitation electric field strength are increased. The whole
ICR cell assembly is surrounded with a grounded stainless
steel tube, the UHV vacuum housing with an inner diameter
of 82 mm.

The convention 1/6/0/6/1, for example, means that
tube electrodes R1 and R2 are at +1 V each and the side
electrodes S1 and S2 have +6 V each relative to the
grounded central ring electrode. In this way, trapping of posi-
tive ions in the terminal regions A and E is not possible. This
is desirable, since ions trapped there cannot be detected. Fur-
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FIG. 2. Axial potential curve in the potential configuration 1/6/0/6/1 (#)
and 0/6/0/6/0 (M). The potential of each of tube electrodes R1 and R2 is
shown in the legend at the right side of the diagram. Axial segments are as
follows: R1, 50—70 mm; detection region between side electrodes S1 and
S2, 70—130 mm; and R2, 130—150 mm.
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thermore positive ions in regions A and E cannot be acceler-
ated toward the center of the ICR cell by pulsing different
voltages on both tube electrodes R1 and R2 relative to the
grounded ring electrode in the range of —9—+9 V.

Using the above mentioned double hill potential con-
figuration, positive ions can be trapped only in the central
region C, while negative ions are trapped on both potential
hills in regions B and D. This potential configuration has
proven to be suitable for efficient trapping and detection of
both polarities simultaneously, although the negative ions are
discriminated (described in detail in Sec. III C 1).

B. simIioN calculations

1. Axial potential distribution and axial ion
trajectories

Figure 2 shows the axial potential course along the z axis
for the potential configurations 0/6/0/6/0 and 1/6/0/6/1.
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The potential configuration 0/6/0/6/0 can provide five sta-
bility regions (A-E; see Figs. 1 and 2) for trapping ions
inside the cell.

However, ions trapped inside the terminal tube elec-
trodes (stability regions A and E) cannot be radially excited
for detection or axially excited toward the cell center for
successive radial detection. To avoid trapping ions in the
stability regions A and E, the potential configuration
1/6/0/6/1 was used instead. Note the monotonically falling
electric potential curves in case of 1/6/0/6/1 in regions A
(50-70 nm) and E (130—150 mm), which exclude all posi-
tive ions generated beyond the range of 70—130 mm.

Positive ions are trapped in the central deep potential
minimum (90—110 mm), where Coulumbic cation-cation re-
pulsion should be high, since ions are confined to a narrow
potential minimum. This is the case for thermal positive ions.

Negative ions are trapped in two narrow and asymmetric
potential maxima close to the outer regions of the large cen-
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FIG. 3. smmION simulation of 25 positive ion clouds
: (SFs*) and 25 negative ion clouds (SF¢") in (A) the
x10 double well potential configuration 0/6/0/6/0 (upper
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diagram) and (B) the double well potential configura-
tion 1/6/0/6/1 (lower diagram) Positive ions ();
negative ions (#).
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FIG. 4. Position of both potential maxima in the double hill potential con-
figuration x/6/0/6/x as a function of the potential of each tube electrode
x(V). At z=100 mm (cell center), there is a potential minimum. The whole
length of the ICR cell is shown from 50 to 150 mm on the y axis. Detection
region is located in axial range (70—130 mm).

ter electrode in regions B and D (cf. Fig. 1). This is the case
for both potential configurations 1/6/0/6/1 and 0/6/0/6/0,
although the asymmetry of these terminal stability regions is
higher in 0/6/0/6/0. Furthermore, deep potential values in
the terminal regions B (50-70 mm) and D (130—150 mm)
relative to the central potential minimum in the case of
0/6/0/6/0 produce an inward directed axial force, which
acts for terminal ion axial stabilization in addition to the fact
that this force counters the outward directed axial component
of the radial excitation electric field, which affects terminal
trapped ions.

Figure 3(a) shows calculated ion trajectories for SFs*
and SF¢~ ions in the potential configuration 0/6/0/6/0. Ion
trajectories for the same ion types were calculated for
1/6/0/6/1 in Fig. 3(b). In both SIMION simulations, positive
ions are initiated along the whole cell length. 25 positive and
25 negative ions were simulated in each run under simulated
damping collision and a total Coulumbic interaction of
410716 C. Thus nearly 2000 ions from each polarity were
simulated simultaneously.

However, ion trajectories in both double well potential
configurations 0/6/0/6/0 and 1/6/0/6/1 signalize the dis-
tinguished feature of this new design to provide three ion
stability regions inside (not outside and near) the detection
region BCD (70-130 mm) when this design is compared
with a five section open cylindrical ICR cell with two cor-
rection electrodes near the central detection region. Figure 4
shows the position of both potential maxima in the potential
configuration x/6/0/6/x as a function of the potential x of
each tube electrode.

Three stability regions (one central positive and two ter-
minal negative) are sustained within this design even at
higher potential values of the tube electrodes till +3 V, when
both side electrodes are kept at +6 V relative to the grounded
central segmented ring electrode. Figure 4 also shows a non-
linearity of the positions of potential maxima as a function of
the applied voltage on each tube electrode in x/6/0/6/x.
Beyond +3 V of tube electrode potential, the stability re-
gions of the terminal negative ions shift out of the detection
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FIG. 5. Equipotential lines for radial excitation electric field (A) at 0 dB
(150.8 V p.-p.) and (B) at 5 dB (77.4 V p.-p.) at the axial potential configu-
ration 1/6/0/6/1. Contours shown are (from bottom to top) as follows:
-30, -20, 10, =5, -2, +2, +5, +10, +20, and +30 V in each field.

region (70— 130 mm), rendering negative ion detection to be
difficult in this case. However, deep potential well in the cell
center can be created with higher potential of both tube elec-
trodes.

2. Radial excitation patterns within the potential
configuration 1/6/0/6/1

The curvature of equipotential lines in the terminal re-
gions within detection area is illustrated in Fig. 5, when a
dipolar radial excitation electric field is triggered prior to ion
detection. Figure 5(a) shows a curved equipotential line,
which is extended more outwards in the stronger radial elec-
tric field (0 dB) relative to the field (5 dB) shown in Fig.
5(b). From the curvature and the density of equipotential
lines, it is also easy to conclude that the intensity of ion
outward acceleration is higher in case (A) and that accelera-
tion vector has more axial component in case (A) relative to
case (B).

However, central positive ions should not be affected in
both cases, since the axial component of the radial excitation
electric field is negligible in the cell center. However, no
resolution higher than 1X 10° could be reached in this ge-
ometry even at relatively low pressures of 1X 10~ mbar.

SIMION simulations were done to track the final cyclotron
radii of central SF;* and terminal SF, trapped within
1/6/0/6/1 in the cell and the central SF,~ and terminal SF;*
ions trapped in the potential configuration —1/-6/0/-6/-1
for comparison. Within this simulation, 15 ms time was set
up to allow for ion collisional cooling at damping constant of
1 X 1074, before a dipolar radial excitation pulse was trig-
gered from the transmitter segments of the ring electrodes in
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FIG. 6. Cyclotron radii of SF;* and

SF,~ ions vs attenuation level (in deci-

bel) of a radial dipolar excitation elec-

tric field for potential configurations

-1/-6/0/-6/-1 (left) and 1/6/0/6/1

(right). Within this simulation, final

cyclotron radii were registered directly

after the end of the radial excitation
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pulse without any additional delay
time to allow for collisional relaxation.

resonance with the cyclotron frequency of SF;* and SF,~
(signal of two combined sine waves).

Cyclotron radii were calculated directly after the end of
the radial dipolar excitation pulse before ion relaxation oc-
curred. Dipolar radial excitation was used and the excitation
pulse duration was 100 us. Figure 6 shows a clear discrimi-
nation in radial excitation between central positive and ter-
minal negative ions in 1/6/0/6/1 and the corresponding
clear radial discrimination between central negative ions and
terminal positive ions in —1/-6/0/-6/-1. Central positive
ions can be detected by a factor of 2.5 more efficiently than
terminal negative ions when an attenuation level of 2 dB
(1155 V p.-p.) is used in the potential configuration
1/6/0/6/1. Such a ratio could be obtained experimentally
too at 2X 1077 mbar. The same is true for central negative
ions relative to the terminally trapped positive ions within
the simulation in the configuration —1/-6/0/-6/-1.

In an effort to explain the large discrimination of detec-
tion between positive and negative ions shown previously in
case of 1/6/0/6/1, we have decided to look at axial poten-
tial course in 1/6/0/6/1 at different cyclotron radii. These
potential patterns are shown in Fig. 7.

In the cyclotron radius range from 0 to 7 mm, there is a
double hill potential configuration. However, the terminal
potential hills shift axially outwards when the excited ions
gain greater cyclotron radii through radial acceleration.

As the cyclotron radius of ions increases greater than
7 mm, there is a radical change in the form of effective po-
tential configuration along the z axis. For cyclotron radii
above 7 mm, the effect of the interfering electric field of the

side electrodes S1 and S2 is obvious. The effective potential
form changes from double hill to one potential well suitable
for trapping positive ions only. Thus, as negative ions reach
cyclotron radius of 8 mm, they can be ejected axially out-
wards, since their terminal stability regions (indicated by
the two terminal potential hills) shift more outwards till
r=7 mm. Above this cyclotron radius, no negative ions can
still be trapped axially, since no double hill potential configu-
ration exists.

As indicated above from Fig. 2, the stability regions of
terminal negative ions in the potential configuration
1/6/0/6/1 are located at z values of 77.5 and 122.5 mm. Let
us see what form of radial electric potential distribution is
available at the terminal stability region of negative ion in-
dicated by z=77.5 mm and the central stability region of
positive ions indicated by z=100 mm.

As illustrated in Fig. 8(b), the radial potential curve in
the central region (z=100 mm) of 1/6/0/6/1 is normal for
classical ICR cells. However, the double hill radial potential
curve [Fig. 8(a)] in the terminal stability regions, which is
responsible for trapping negative ions in 1/6/0/6/1 termi-
nally, is unusual and sharply asymmetric. In addition, the
latter has high effective potential values. The same difference
in the radial potential distribution pattern between central
and terminal regions in the potential configuration —1/
—6/0/-6/-1 exists [see curves (C) and (D) in Fig. 8].

If we return back to the radial potential pattern of the
terminal negative stability regions in the potential configura-
tion 1/6/0/6/1 [Fig. 8(a)], we notice that the potential
maxima at y=51.5 mm and y=28.5 mm represent cyclotron
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radius of 11.5 mm, which appears to be the maximum cyclo-
tron radius reached by radially excited terminal negative
ions. However, Fig. 6 shows a maximum radius of just
7 mm, which can be reached by terminal negative ions, if
they are radially excited by a dipolar radial excitation electric
field with attenuation level of 0 dB.

The difference between these mentioned postexcitation
cyclotron radii of negative ions (r=11.5 and r=7 mm) in
1/6/0/6/1 can be justified by the sharp radial asymmetry of
the double hill effective potential curve shown in Fig. 8(a).
The cyclotron radius of postexcited terminal negative ions
cannot really exceed 7 mm, since a radially inward directed
electric force acts above r=7 mm to hinder further increase
of the cyclotron radius of negative ion during radial dipolar
excitation in 1/6/0/6/1. The axial component of the excita-
tion radial electric field is another factor, which limits the
increase of cyclotron radius of terminal ions during radial
excitation event in 1/6/0/6/1.

As a result of the large difference between the radial
electric potential pattern in the central stability region, where
positive ions in 1/6/0/6/1 can be trapped, and the radial
potential pattern in the terminal stability regions for negative
ions, ions can be accelerated differently in radial direction
by the dipolar radial excitation electric field. Figure 9
illustrates the three-dimensional (3D) electric potential
distribution inside the detection region of the new ICR
cell within 1/6/0/6/1 and -1/-6/0/-6/-1 potential
configurations.

The difference in radial acceleration magnitude of posi-
tive and negative ions trapped in different stability regions
has a strong effect on the postexcitation total kinetic energy
gain. On the other hand, radial energy dissipation is domi-
nant in both ion polarities, since an axial acceleration com-
ponent exists during radial excitation event. However, axial
acceleration component is greater in the case of terminally
trapped ions and this also contributes to the limitation ap-
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FIG. 9. 3D view of the electric potential distribution in the yz plane in the potential configurations —1/-6/0/-6/-1 (left) and 1/6/0/6/1 (right).
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plied on the increase of the cyclotron radius of terminally
trapped ions during radial excitation in comparison with that
of central ions, regardless whether 1/6/0/6/1 or —=1/-6/0/

—6/-1 configuration is used.

C. Experimental results

1. Positive and negative ion detection as a function

of radial dipolar excitation field strength in
1/6/0/6/1

Figure 10 shows the dependence of signal intensity on
the attenuation level of the radial dipolar excitation electric
field used prior to simultaneous positive and negative ion
detection within 1/6/0/6/1. All curves show exponential
behavior, which corresponds to the linearity of ion detection.

Rev. Sci. Instrum. 78, 074102 (2007)

FIG. 10. Ion signal intensity change as
a function of attenuation level XA (in
decibel) of the excitation radial elec-
tric field at 2X 1077 mbar. (a) SF,",
(b) SFs*, (c) SF4*, (d) and SF;*/SF,~
present.

Even when the cell is saturated with SF5" ions trapped in the
central region, SF;*/SF¢~ ratio is not constant and it is
higher than 1 at higher excitation field strength (attenuation

levels lower than 6 dB). The SF;*/SF, ratio becomes
higher than 2.5 at attenuation levels lower than 3 dB and this
stands in correlation with the SIMION simulations shown pre-

viously for post-radial-excitation of the cyclotron motion of

both ion polarities in 1/6/0/6/1.
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2. Trapping effectivity of the cell in 1/6/0/6/1 and
-3/3/0/3/-3 at 2X107® mbar

Figure 11 shows the result of a trapping efficiency test
done for SF;" and SF,~ in the potential configuration
1/6/0/6/1 [parts (a) and (b)] and in the potential configura-

FIG. 11. Dependence of ion signal in-
tensity on the trapping time at 2
X 10 mbar for (a) SF, in
1/6/0/6/1, (b) SF;* in 1/6/0/6/1,
() SFs~ in —-3/3/0/3/-3, and (d)
SF,* in -3/3/0/3/-3.
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tion =3/3/0/3/-3 [parts (c) and (d)] at relatively high pres-
sure of 2X 107® mbar. Both positive and negative ions can
be trapped efficiently in the potential configuration
—3/3/0/3/-3 under high pressure (2 X 107 mbar).

While positive ions in 1/6/0/6/1 trapped in the central
region of the cell can be retained for 15 s at 2 X 107° mbar,
terminal SF, ions show partial loss as a function of the
trapping time in case of 1/6/0/6/1. This partial loss is due
to the outward directed radial electric force applied on the
terminal stability regions shown in Fig. 8. Thus, terminal
negative ions do not remain radially confined in the radial
plane xy. They draw a magnetron evolution as a function of
time.

Both positive and negative ions can be trapped and de-
tected simultaneously in a static double hill potential con-
figuration in this new ICR cell. The double hill potential
configuration 1/6/0/6/1 was studied intensively. Compari-
son between the potential configurations 1/6/0/6/1 and
-1/-6/0/-6/-1 was made. Axial potential distributions re-
veal asymmetric terminal stability regions relative to a sym-
metrical central region. The axial component of the radial
excitation electric field exists in the terminal stability regions
and plays a role in dissipating kinetic energy during radial
excitation. A sharp discrimination in radial dipolar excitation
between positive and negative ions was shown both experi-
mentally and theoretically. In depth analysis of electric po-
tential distribution patterns provide explanations to the ob-
servations. Within the potential configuration 1/6/0/6/1,
positive ions can be trapped more efficiently than negative
ions at extremely high pressure of 2 X 107% mbar, while both
ion polarities can be trapped with high efficiency in
—3/3/0/3/-3 at high pressure. Due to the radial discrimina-
tion between different ion polarities in 1/6/0/6/1 shown

Rev. Sci. Instrum. 78, 074102 (2007)

above, specific collisional fragmentation could be induced
only for central positive ions, even if negative ions with
same m/z ratio are trapped simultaneously in the terminal
regions of this ICR cell.
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